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ABSTRACT

The Late Cenozoic Newer Volcanic Province (NVP) is an intra-plate plains-basalt
province. It is located in south-eastern Austzalia and covers an area greater than 15,000 km?.
It is dominated by broad, flat lava plains, which have been produced by a number of smail
monogenetic volcanoes (predominantly lava shields and scoria cones). Outcrop is scarce in
the NVP due to the flat-lying nature of the lavas, extensive vegetation cover and limited
erosional incision. For this reason, few stratigraphic and basic volcanic geological studies
have been attempted. However, in the Werribee Plains, at the eastern end of the NVP, a
network of drill holes provides an opportunity to establish a facies and time-stratigraphic
architecture for at least part of the NVP, In this study the sub-surface basaltic sequence was
explored, through the analysis of diamond drill core and geophysical wells from the Werribee
Plains. A magnetostratigraphy was established, and the volcanic evolution of the Werribee
Plains explored.

The interiors of the two end-member types of basaltic lava flows (pahoehoe and aa)
were better characterised using data collected from the NVP and from Hawaii. Inflated P-
type pahoehoe lobes were consistently observed 1o contain vesicular upper and lower margins
surrounding a dense core, which commonly contains segregation material. Plagioclase grain-
sizes consistently increase from the margins towards the centre of the pahoehoe lobes. These
features are considered to reflect the endogenous growth mechanism of these lobes, which
cool by conduction upon stagnation. In contrast, aa lavas were found to have vesicles dispersed
throughout the flows, demonstrate uniform plagioclase grain-sizes, and have higher cry..al
number densities than the pahoehoe lavas. Autobrecciation of aa lavas involves a physical
mixing process in which clasts and cooler material are entrained into the core of the flow.
Based upon the results of this study, it appears that upon stagnation of an aa lava flow the
majority of the flow has aiready crystallised. The interior of an aa lava is therefore unlikely to
cool significantly more slowly than the margins (cf. pahoehoe flows). All of the basaltic lavas
analysed were compositionally homogeneous through vertical compositional profiles, apart
from local geochemical anomalies. The small geochemical anomalies have been attributed to
locally variable phenocryst contents, and/or differences in the cooling histories of adjacent
samples. Further work is required to better characterise the significance of these anomalies in
terms of emplacement and crystallisation processes of the different lava types.

Volcanism in the Werribee Plains began during late stages of a eustatic regression at

around 3.8 Ma. Eruptions commenced with the formation of eruptive fissures. Commonly,
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there is evidence of a change in eruption style at the volcanic centres from explosive
Strombolian, to Hawaiian fire-fountaining, to passive effusion of lava. The orientations of
the eruptive fissure systems appear (0 be controlled to some extent by the orientation of pre-
existing basement structures. Eruptions producing the lava shields lasted about 6 months on
average, whereas scoria cone eruptions probably lasted days 1o weeks. Inflated pahoehoe
lavas were the dominant volcanic facies produced in the Werribee Flains. Other lava facies
identified include ponded lavas, S-type pahoehoe, transitional lavas, and a thick, distal aa
lava facies. Both scortz cones and lava shields fed significant lava flows, and in each instance
the flows are the same compesition as the eruption centre they were produced at. There is no
evidence of a systematic change in composition of the lavas with time. Similarly, there is no
evidence of a broad shift in magma generation within the Werribee Plains over time. The
products of twenty-seven eruptions were identified in the magnetostratigraphy within a
restricted area of the plains (constrained by diamond drill hole distribution). In five out of
nine of the drill holes analysed, a simple reverse polarity, normal, reverse stratigraphy is
evident. Based upon available age constraints, these magnetic intervals occurred within the
Gauss and Matuyama Chrons. Eruptions are inferred to have occurred on average
approximately every 66,000 years, from the commencement of volcanism in this area (at
around 3.2 Ma) until the most recent eruption (1.41 Ma). Despite relatively long repose periods
between eruptions, there are relatively few inter-flow sediments preserved in the sequence.
These are mostly from the Palaeozoic highlands. Minimal physical erosion of the lavas
occurred, probably due to the shallow gradient of the Werribee Plains and the onset of arid
climatic conditions in the late Tertiary period. Based upon the calculated eruption frequency
{~06,000 years) and the amount of time that has passed since the most recent eruption (1.4}
Ma), it is unlikely that the Werribee Plains will experience any further volcanic activity.
The relative proportion of different lava facies produced in plains-basalt provinces,
and the dimensions of the fava flows are considered to reflect both the characteristically flat
substrates of these continental provinces and the volumes of magma produced in an eruption.
Plains-basalt lava flows are typically thinner than lavas produced in continental flood-basalt
provinces, but thicker than those associated with large central volcanoes (eg. Hawaii and Mt.
Etna). Pahoehoe lavas are the dominant lava facies produced in plains-basalt provinces, and
aa lavas constitute only a small proportion of the total preducts. Significant differences exist
between plains-basalt lava fields in terms of the type and size of eruption centres, the total
volume of products, and the frequency of eruptions. These differences are considered to be

related to the different tectonic settings of the provinces, and the resultant magmatic processes

operating.
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Chapter I: Introduction

CHAPTER 1

INTRODUCTION

1.1  AIMS OF THE STUDY

The Newer Volcanic Province (NVP) is an intra-plate, continental plains-basalt
province situated in south-eastern Australia (Fig. 1.1). It is one of only two volcanic provinces
in Australia that is presently classified as active, and yet little is known about it. The NVPhas
an east-west trend extending west from Melbourne 330 km into South Australia, and covering
an area of over 15,000 kim? (Joyce 1975). The products range in age from 4.6 Ma-4.5 ka, and
the volcanism is considered to be a continuation of the volcanic activity associated with
rifting and the break-up of the super-continent Gondwana (Lister & Etheridge 1989, Price ef
al. 1997; section 1.2.2). Nearly 400 eruption points have been identified within the province,
however it is dominated by flat basaltic lava plains, which are locally over 100 m thick
(Joyce 1975). Much of the lava has been subjected to prolonged periods of weathering,
vegetation is extensive, and erosional incision is limited. Due to the general lack of outcrop
little is known about the basic volcanic geology of NVP, including volumes of eruptions, the
types and distribution of products, and the frequency of eruptions. Few attempts have been
made to put the radiometric dating of widely separated samples in the NVP (McDougall ef al.
1966, Aziz-Ur-Rahman & McDougall 1972, Price et al. 1997) into a stratigraphic context
(eg. Mitchell 1990, Price et al. 1997). A number of diamond drill holes and geophysical wells
that penetrate the entire basaltic sequence are situated in the Werribee Plains, in the east of
the NVP (Fig. 1.1). These provide a unique opportunity to explore the sub-surface geology of
the NVP. In continental flood-basalt provinces, magnetostratigraphic studies have involved
successfully correlating lava flows over hundreds of kilometres. Few stratigraphic studies
have been compieted in plains-basalt provinces, and indeed little is known about plains-
basalt volcanism in general - a style of volcanism intermediate between continental flood-
basalt volcanism and ocean island volcanism (section 1.2.4).

Much is known about the emplacement mechanisms and resultant surface
morphologies of basaltic lavas, based upon observations of active lava flows in places such
as Hawaii and Mt Etna (eg. Peterson & Swanson 1974, Peterson & Tilling 1980, Guest ef al.
1987, Lipman & Banks 1987, Kilburn & Lopes 1988, Calvan ef al. 1994, Cashman et al.
1994, Hon et al. 1994, Peterson et al. 1994, Calvari & Pinkerton 1998, Kauahikaua et al.
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1998. Cashman et al. 1999). Pahoehoe and aa lavas have been identified as end-members in
a range of basaltic lava types: produced under different eruption and flow conditions
(Macdonald 1953). Solidified pahoehoe and aa Java flows are distinguished from each other
primarily by their different surface morphologies, although internal structures are known to
differ as well. Until recently, few studies have characterised the interiors of solidified basalt
flows.despite the fact that vertical sections through lavas are commonly all that are accessible
in ancient terrains {eg. road cuttings, diamond drill core etc.). Vesiculation patterns through
pahochoe lobes have been well characterised and are understood in terms of emplacement
processes (eg. Aubele ef af. 1988, Wilmoth & Walker 1993, Cashman & Kauahikaua 1997).
Few studies of the petrographic textural and geochemical variations through individual basaltic
lava flows have been performed (Watkins er af. 1970, Siders & Elliot 1983, Katz 1997, Sharma
et al. 2000), particuiarly with a view to characterising the differences between the interiors of

pahoehoe and aa lavas.

The aims of this study therefore are:

. to characterise the internal vesiculation patterns, petrographic textural and
compositional variations through basaltic lava flow units. In particular, inflated P-
type pahoehoe lobes are to be compared with aa flows to better understand the

emplacement and crystallisation processes of these two end-member lava types.

. to establish the facies architecture, and a magnetostratigraphy in a plains-basalt lava

flow field in the eastern Newer Volcanic Province, the Werribee Plains,

. to explore the palacovolcanology and evolution of the Werribee Plains, and to better

characterise plains-basalt volcanism.

Fig. 1.1 (Facing page) Geological setting of the Newer Volcanic Province in Victoria. Note the broad expanse
of the NVP, extending 330 km west of Melbourne (1otal extent not shown on this map). The area of particular

interest in this study is the Werribee Plains, located in the east of the NVP (west of Melboume).
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12 PROJECT BACKGROUND
1.2.1 Geological Setting
The Newer Volcanic Province

The basement rocks in Victoria are the deformed remains of the Palacozoic Lachlan
Fold Belt, the southernmost super-tetrane of the Tasman Orogenic Zone (Cas 1983, Gray
1988). This orogenic belt developed along the Gondwana continental margin in the Palacozoic
era. Ithas had a complex history, involving amalgamation and the interplay of crustal extension
and compressional events from the beginning of the Cambrian to the Early Carboniferous
period. The Lachlan Fold Belt in Victoria is dominated by a thick (2-5 km) and extensive
(800 km present width) Cambrian-Ordovician-Devonian turbidite sequence, containing fault-
bounded Cambrian greenstone slices, granitoid plutons and volcanic rocks throughout (Gray
1988). It is considered to represent both continental margin sediment-prism and back-arc
basin sequences (Crawford er al. 1984, Gray 1988). The palacogeography progressively
changed from wholly submarine in the Cambrian and Ordovician to nearly wholly continental
in the Late Devonian-Carboniferous, reflecting the progressive emergence of the orogen from
the end-Ordovician onwards. Major compressional deformational events caused widespread
regional deformation, with principal north-south structural trends predominating.
Metamorphism up to amphibolite facies and regionally extensive granitoid plutonism also
occurred.

Victoria remained tectonically stable from the Early Carboniferous until the Early
Cretaceous period, when rifting associated with the break-up of Gondwana commenced along
the southern margin of the continent (Mitller et al. 2000). Rifting led to the formation of the
Otway, Bass and Gippsland Basins along the southern margin of Victoria, the opening of the
Southern Ocean between Australia and Antarctica, and the subseguent opening of the Tasman
Sea to the east. Basaltic volcanism associated with, and post-dating, rifting was distributed
across the state, although more widespread in the east (the Older Volcanics, Fig. 1.1). This
phase of velcanism commenced 95 Ma and continued until 19 Ma (Day 1983), After the
original continental rift-forming phase, all basins subsided thermally and isostatically and
were transgressed by the sea (Cas er al. 1993). Further subsidence during the Tertiary period
resulted in the formation of the Murray Basin, Port Phillip Basin, Ballan Graben and Western
Port Basin, in which thick sedimentary sequences accumulated (Abele et al. 1988). Intermittent
faulting occurred throughout the Tertiary beriod and tectonic movements were most intense

in the Late Pliocene and Early Pleistocene epochs. These were responsible for uplift of the
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Palaeozoic highlands bordering the sedimentary basins (Kosciusko uplift) (Abele et af. 1988).
Basaltic volcanism commenced again in Victoria at 4.6 Ma (the Newer Volcanics) after a
period of quiescence, marked only by minor felsic volcanics in the Macedon-Trentham area.
Products of the renewed period of basaltic volcanic activity (4.6 Ma-4.5 ka) straddle the
northern margin of the Otway Basin, the northwest margin of Port Phillip Basin, and the
Palaeozoic basement of the Lachlan Fold Belt; Fig. 1.1 (Price et al. 1988). The Otway Basin
has an east-west orientation that is subparallel to the original west-northwest rift trend (Hill ez
al. 1995). The east-west orientation of the Newer Volcanic Province is thought to reflect the

influence of basement faults associated with rifting and the formation of the Otway Basin
(Cas et al. 1993).

The Werribee Plains

The products of volcanism forming the Werribee Plains, in the east of the Newer
Volcanic Province, overlie Tertiary aged sediments of the Pert Phillip Basin; Fig. 1.2 (Abele
et al. 1988, Holagate et al. 2001). The Port Phillip Basin is a broad low-lying area between
two major lineaments: the Rowsley and Selwyn faults, and formed due to subsi¢ence towards
the end of the Tertiary period (Abele er al. 1988). Sediments within the basin wedge out
against the Palacozoic basement to the north of the basin without notable faulting. These
sediments range in age from Lower Cretaceous (the Otway Group), to Plio- Pleistocene (the
Brighton Group) (Abele ez al. 1988). The Brighton Group contains a lower marine unit (the
Black Rock Sandstone), and an upper unit deposited in a terrestrial environment (the Red
Bluff Sands). The basalts of the Werribee Plains disconformably overlie the Red Bluff Sands
(Holdgate et al. 2002). The development of the Yarra and Werribee deltas during the Late
Tertiary and Quaternary produced the present-day topography of Port Phillip. Recent sea-
level and climatic chenges have modified, but not greatly changed, the morphology (Holdgate
er al. 2001).

1.2.2 Intra-plate volcanism in eastern Australia

Late Mesozoic to Quaternary volcanic rocks extend in a broken belt 4,400 km from
Torres Strait in the north, along the eastern side of Australia, to eastern Victoria. Here the
volcanic areas trend westwards into South Australia, and southwards into the Bass Basin and
Tasmania; Fig. 1.3a (Johnson 1989). Three types of volcanoes, and associations thereof, have

been identified in eastern Australia: central volcanoes, lava-fields, and leucitite suites (Wellman
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Fig, 12 Geological setting of the Werribee Plains, located in the east of ihe NVP (Fig. 1.1}, The Werribee
Plains are bounded by the Rowsley Fault in the w=st, the Maribyrnong River in the cast, the highlands in the

north, and the coast in the south (section 1.2.3).

& McDougall 1974). Central volcanoes produce predominantly basaltic lava flows from central
vents, and have felsic lava flows and/or intrusions associated with them. The lava-fields are

basaltic, and are characterised by numerous monogenetic point-source volcanoes feeding
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extensive lava plains (eg. the Newer Volcanic Province). Leucitite suites are composed of
high potassium intrusions and lavas that are petrologically and spatially distinct from all
other volcanic areas in eastern Australia. The total-volume estimate produced by all of the
eastern Australian volcanism is ~20.000 km?, consisting of ~9,000 km® from the central
volcanoes, and the remainder from the lava-fields (see Fig. 1.3b for the distribution of central
volcanoes and lava-fields). The leucitite suite 1s volumetrically minor (Wellman & McDougall
1974).
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Fig. 1.3 The distribution of Late Mesozoic to Quaternary products of intra-plate volcanism (modified from
Johnson (1989)). a. The Indo-Australian plate, showing the distribution of continental imtra-plate volcanic
areas of eastern Australia and New Zealand, Dots represent carthquakes defining margins of the plate. Intra-
plate and New Zealand earthquake epicentres are omitted. b, The distribution of central voleano and lava-field

provinces in eastern Austratia.

The rate of volcanism is considered to have been relatively constant during the past
60 Myrs, although the central and lava-field types began their activity at different times
(Wellman & McDougall 1974). The central-volcano magmatism began at about 35 Ma in
Central Queensland, and volcanoes produced during this phase of activity are progressively
younger towards the south (Duncan & McDougall 1989). The time progiession of central-
volcano magmatism is considered to reflect the northward drift of the Indo-Australian plate
over a mantle plume (the Australian plume) or hot-spot. This plume is now possibly situated

beneath the Bass Strait between the Australian continent and Tasmania (Wellman & McDougall
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1974). In contrast, the age distribution of lava-field provinces does not show any relationship
to the northward motion of the Australian plate (Duncan & McDougall 1989). The origin of
the lava-field volcanism is incompletely resolved and alternative possibilities remain in
interpretation (eg. Duncan & McDougall 1989). Some of the proposed models for the origin
of the intra-plate volcanism in eastern Australia include: the presence of hot-spots or a series
of these (hot-lines) beneath the Australian plate (Sutherland 1981, 1998); tension in the
lithosphere due to erosional rebound of the Eastern Highlands (Stephenson & Lambeck 1985,
Lambeck & Stephenson 1986); and thermal instability in the mantle due to the break-up of '
the super-continent Gondwana, considered to be responsible for the continuation of volcanism
over the following tens of millions of years (Lister & Etheridge 1989, Price er al. 1997). It
seems that no single model can account for all of the volcanism observed along the south-east
and eastern margin of Australia. ,

The SKIPPY (seismic hopping) project has used arrivals of large earthquake events
bordering Australia to define regions of higher and lower seismic P shear wave velocity
within Australia’s lithospheric mantle (Zielhuis & van der Hilst 1996). These areas of
contrasting faster and slower seismic velocity have been interpreted as cooler and hotter
mantle regions respectively (Sutherland 1998). Two of the largest siow regions in the SKIPPY
results underlie areas of young volcanism and hot geotherms in western Victoria and North
Queensland (O’Reilly & Griffin 1985, Sutherland er al. 1994), and there is evidence of
anomalously hot mantle extending up much of the eastern coast of Australia (Sutherland
1998). Price et al.(1997) proposed that the intra-plate volcanism in eastern Australia is related
to the break-up of Gondwana, resulting in thermal instability in the mantle, involving
asthenospheric upwelling. This seems to be reasonable, considering the SKIPPY evidence of
the present extent of the thermal anomalies, in relation to the distribution of volcanism, and
the continental margin along which the break-up of Gondwana occurred. Issues that remain
unresolved include: the relationship between volcanism and the uplift of the eastern highlands;
the types of mantle thermal anomalies involved, whether single hotspot, multiple hotspot, or
hotlines: and the exact nature of the stress fields under which the volcanism occurs, whether
tensional or compressional relative to Australian plate dynamics (eg. Sutherland 1998). The
last point is important considering that measurements of the present-day stress in south-eastern
Australia are consistent with a compressional stress field (Denham er al. 1979). This is
considered to have originated around 10 Ma, with completion of the northern margin collision

(Veevers et al. 1991). The simplest explanation for the intra-plate volcanism in eastern Australia

Chapter 1: Introduction

is an extensive post-rifting thermal anomaly in the mantle, which has persisted since the
break-up of the super-continent Gondwana, and has been responsible for intermittent volcanism
from the Late Cretaceous period until Recent.

1.2.3 Geology of the Newer Volcanic Province

Nearly 400 eruption points have been identified in the NVP (Joyce 1975). These are
characterised by low profile shield volcanoes, scoria cones, maars and tuff rings; Fig. 1.4.
Although explosive centres are the most prominent geomorphic features, the total proportion
of pyroclastic material in the NVP is estimated to be only 1% (Ollier & Joyce 1973). The
Province has been subdivided into three sub-provinces based upon morphology; Fig. 1.4
(Joyce 1988). The Central Highlands sub-province in the north rests upon exposed Palaeozoic
basement and contains the highest concentration of eruption centres (at least 250), as well as
valley-confined lava flows, in basement-entrenched valleys. The Mt. Gambier sub-province
in the west is separated from the rest of the NVP by 60-80 km of largely Recent sedimentary
cover sequences (no volcanic outcrop). This sub-province contains clusters of scoria cones
and maars, with minor lavas associated. The NVP is dominated by the flat basaltic lava plains
of the Western Plains sub-province, reaching greater than 100 m thickness in places. Small
central vent eruption centres are scattered through the plains (scoria cones, maars, lava shields
and complex centres), locally aligned along inferred basement lineaments. The flat topography
is in part a reflection of the flat depositional surface of the underlying Otway and Port Phillip
Basin successions, but also the topography filling and blanketing nature of the lava flows.
Also, significant weathering has occurred since emplacement, and intensive farming has
obscured much of the lava plain geology. The area of study for this project within the Western
Plains sub-province was chosen to be the Werribee Plains in the far east, as it has the greatest
concentration of diamond. drill holes, geophysical wells and quarries; permitting three
dimensional analysis of the stratigraphy and facies architecture.

The Werribee Plains lava flow field is extensive (2,000 km?), covering the area between
Melbourne, Geelong and Bacchus Marsh; Figs. 1.2 & 1.4 (Nicholls & Joyce 1989). The
Werribee Plains are bounded by the Rowsley Fault in the west, the Maribyrnong River in the
east, the highlands in the north, the coast in the south, and Cretaceous sediments in the vicinity
of Geelong; Fig. 1.2 (Ollier & Joyce 1964). The surrounding highlands are topographically
raised features (Fig. 4.1, Chapter 4), in sharp contrast with the lava plains, which are relatively

flat, and gently slope towards the coast in the south-east. The basaltic lavas forming the
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the products (modified from Joyce (1975)). The Western Plains sub-province is the most extensive sub-province, and contains the Werribee Plains in the east.

7] Basement/ cover sequencas

A Scoiia Cons

& Lava shiald
© Maar volcanic cantra

—  Major fault

Chapter 1: Introduction

Werribee Plains are almost continuous in the area, broken only by outcropping granite of the
Late Devonian You Yangs, and locally buried by Middle Pieistocens-Recent sediments. A
number of small, point source eruption centres known to have fed the lavas have been
recognised; both scoria cones and lava shield volcanoes. These volcanoes range from ~1.0 to
12.0 km in diameter, and are up to 120 m high. Previous radiometric dating work gives an age
range of 1.41- 2.6 Ma for the basaltic succession of the Werribee Plains (McDougall et al.
1966, Aziz-Ur-Rahman & McDougall 1972, Price er al. 1997). Compositions of the lavas are
tholeiitic, differentiates (olivine and quartz tholeiitic basalts and icelandites) and alkaline
basalts (alkali basalts or mafic hawaiites) (Nicholls & Joyce 1989). The lavas from late eruption

points are considered to be generally more alkaline (Nicholls & Joyce 1989).

1.2.4 Basaltic lava flow fields

The two main types of intra-plate continental basaltic provinces are monogenetic
volcano fields and flood-basalt provinces {Walker 2000). Monogenetic fields contain a number
of volcanic centres that erupt only once. The eruption centres are most commonly scoria
cones and lava shields and may be clustered or widely dispersed within a volcanic field
(Conner & Conway 2000). Plains-basalt provinces (eg. the Snake River Plain, US.A., (Greeley
1977, 1982a,b, Kuhtz er al. 1992)) are a unique type of monogenetic volcano field, pro&uced
by a style of volcanism intermediate between continental flood-basalt volcanism and ocean
island volcanism. The Newer Volcanic Province has been identified as a plains-basalt province
(Cas 1989).

Flood-basalt provinces are charactensed by very thick (15-50 m), regionaily extensive
(up to hundreds of km’s long, 100 - 1,000+ km?), sheet-like lavas with low aspect ratios (eg.
the Columbia River Plateau basalts, U.S.A., (Swanson et al. 1975, Camp et al. 1982, Hooper
1982, Reidel & Hooper 1989, Self er al. 1996, Thordarson & Self 1998)). Eruptions occur
primarily from fissure vent systems and lavas are emplaced on slopes of up to 0.1%. The
lavas tend to drown any pre-existing topography; forming a flat, plateau-like morphology
without any evidence of sites of eruption. The total area of an individual continental flood-
basalt province is up to ~500,000 km? (eg. the Deccan flood-basalt province, India (Subbarao
& Sukheswala 1981)). Aa lavas have rarely been identified in these provinces. Similarly the
total pyrociastic content is very low (Self ef al. 1997). The sheet-like lavas have pahoehoe
morphologies, and are now considered to have formed by endogenous growth (eg. Self er al.

1996, 1997, 1998, Thordarson & Self 1998, Bondre ef al. submitted); much like Hawaiian
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pahoehoe lavas (Hon et al. 1994).

The total size of plains-basalt provinces is an order of magnimude less than flood-
basalt provinces, for example the NVP covers an area of 15,000 km?, and the Pliocene-
Quaternary basaltic provinces of northern Queensland cover an area of 23,000 km? (Joyce
1975, Stephenson 1989). The lava flows produced in plains-basalt provinces have the same
long-term effect of flattening out the topography as in flood-basalt provinces, by preferentially
filling topographic lows with valley-confined, small volume lavas (Greeley 1982a), However,
unlike in flood-basalt provinces, point-source eruption centres are preserved throughout plains-
basalt provinces, and the lava flows are significantly smaller volume than flood-basalt lavas.
Lavas in plains-basalt provinces are similar in size and form to Hawaiian shield-forming
lavas, and both pahoehoe and aa morphologies have been recognised in plains-basalt provinces.
However, volcanic activity in ocean island volcanic systems (eg. Hawaii (Wentworth &
Macdonald 1953, Macdonald 1967, Walker 1993)) is focussed around a central magma conduit
system, in contrast to continental basaltic systems, which have regionally dispersed products.
Pyroclastic deposits are minor in plains-basalt provinces, and soils and sediments may be

intercalated with the flows.

1.3 PREVIOUS WORK AND SIGNIFICANCE OF THIS STUDY

Relatively few studies have used the interiors of solidified basaltic lava flows as a
guide to emplacement and crystallisation processes. Vesicle zonations have been documented
and characterised through different types of pahoehoe flows, particularly in Hawaii (eg. Aubele
et al. 1988, Wilmoth & Walker 1993, Cashman & Kauahikaua 1997), and also through flood-
basalts (eg. McMillan er al. 1987, 1989, Self et al. 1996, 1997, Thordarson & Self 1998).

- These studies have identified features that are useful in determining the mode of emplacement

of the lava flows (eg. inflation vs. ponding in a topographic depression (Cashman & Kauahikaua
1997)). Textural zonation studies through individual flows have also been previously conducted
on continental flood-basalts (eg. Long & Wood 1986, Degraff er al. 1989, Self er al. 1997,
Thordarson & Self 1998) and lava flows in Hawaii (Katz 1997, Sharma er al. 2000). Few
studies however, have explored the interior of aa flows (eg. Katz 1997), and how internal
features reflect emplacement processes. Rowland & Walker (1987, 1988) compared variations
in the phenocryst content in vertical sections through various types of basaltic lava flows, and
interpreted these variations in terms of the different viscosities of the lavas. Others have

compared the groundmasses of pahochoe and aa flows (eg. Sato 1995, Cashman et al. 1999,
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Polaccietal. 1999),h0wéver these studies have not addressed how the textures vary throughout
individual flow units. Relatively few studies of the compositional variations through basalt
flows have been performed (eg. Watkins er al. 1970, Siders & Elliot 1983), and these have
not been interpreted in terms of emplacemen: processes. This study involves characterising
the interiors of pahochoe and aa flows by exploring vesiculation patterns, petrographic textural
zonations and compositional variations throughout individual flows. It will be explored whether
there are consistent, characterisable differences between the interiors of pahoehoe and aa
lavas. If so, it will be investigated how these reflect differences in the emplacement and
crystallisation processes of the two end-member basaltic lavas.

Previous studies of the Newer Volcanic Province have mainly concentrated on the
geomorphology and physiography of the province (eg. Ollier & Joyce 1964, Ollier 1967,
Joyce 1988, 1998}, and the geochemistry of the products (eg. Irving & Green 1976, Frey er
al. 1978, McDonough et al. 1985, Price et al. 1997, Vogel & Keays 1997) and incorporated
xenoliths (eg. O’Reilly & Griffin 1985, 1988, Chen et al. 1989, Yaxley et al. 1991). Limited
geochronological and palacomagnetic studies have been performed (Green & Irving 1958,
McDougall ef al. 1966, Aziz-Ur-Rahman & McDougall 1972), and physical volcanological
studies have focussed on the pyroclastic volcanic activity (eg. Edney 1987, Cas et al. 1993).
In general, little is known about the sub-surface geology and stratigraphy of the NVP. Price et
al. (1997) attempted to define a stratigraphy for the Westem Plains sub-province (including
the Werribee Plains) by combining radiometric dating work with Sr isotope analyses to
subdivide it into discrete domains representing eruption units. Other work on the Werribee
Plains includes an overview of the geology by Condon (1951), and é geological and
geochemical study by Mitchell (1990). It has already been established that conventional
mapping techniques are largely inappropriate in the NVP, due to the lack of outcrop. Instead,
this study combines many data sets (including diamond drill hole logs, geophysical well logs,
geochemistry, palacomagnetic results, airborne geophysical images) to establish a
magnetostratigraphy in the Werribee Plains. Many features of the volcanism will be explored,
such as the nature, frequency and duration of eruptions, as well as the types and distribution
of products.

Greeley (1982a) was the first to formalise the concept of plains-basalt volcanism
with his study of the Snake River Plain, U.S.A. This province has subsequently been better
characterised (eg. Kuntz et al. 1992, Reed er al, 1997). Other plains-basalt provinces include

the Pliocene-Quaternary provinces of northern Queensland and the NVP ir Australia. Much
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is known about flood-basaltic volcanism and Hawaiian shield-forming eruptions, as previous
studies have focussed on these end-member basaltic volcanic styles. On the other hand,
relatively little is known about plains-basalt volcanism, including the overall facies architecture,
and the frequency of lava flow forming events. Results of this study will be compared with
the type locality, the Snake River Plain, U.S.A., and with other monogenetic volcanic fields

from around the world to better characterise plains-basalt volcanism.

14 METHODS
. The interiors of basaltic lava flows were studied using data collected from the Weiribee
" Plains of the NVP, and Hawaii. Refer to Chapter 2 for a more complete discussion on
the methods employed in this part of the study. The distribution of vesicles (and
segregation structures) within each flow unit identified was sketched and qualitatively
described. The vesiculation patterns were quantified in selected pahoehoe and aa flows.
Thin sections were made at regular intervals through some flows for petrographic
textural analysis. Variations in the mineralogy and texture of the groundmass through
the flows were systematically recorded, both qualitatively and quantitatively by point-
counting and taking multiple grain-size measurements). Bulk rock x-ray fluorescence
(XRF) analyses were made in some flow units at positions corresponding to thin
section samples. Some of the samples were analysed as fused disks for major and
trace elements at Melbourne University, and some for major elements at the University
of New South Wales (see Appendix A for more complete outline of methods). Pressed
powder peliets were used for trace element analysis at the University of New South
Wales (Appendix A).

. Two to three sarples were taken from every flow unit identified in diamond drill core
from the Werribee Plains for the palacomagnetic studies (see Chapter 3 for detaiis).
Most samples were thermally demagnetised, and a smail number were demagnetised
using alternating-field (AF) technigues. It was possible to determine the inclination
of the primary remanence for most samples. Twenty samples were sclected for rock
magnetic study (hysteresis and isothermal remanence experiments), in order to

determine the dominant ferromagnetic grain type, and hence to assess how confidently

the primary remanence could be identified.
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. The characteristics and distribution of volcanic and sedimentary facies in the Werribee
Plains were investigated by completing fieldwork, logging diamond drill core,
interpreting geophysical well logs, and doing petrographic studies (Chapter 4). The
products of discrete eruptions were identified (eruption packages) and correlated
between drill holes to produce a magnetostratigraphy. This involved combining a
number of data sets. For example, the extent of lava flows from the exposed eruption
centres was investigated through analysis of airborne geophysical images and
geochemical data. Samples were collected from eruption points, other field localities
and drill core for bulk rock X-ray fluorescence spectroscopy (XRF analysis). Analysis
for major element concentrations took place on fused glass disks at the University of
New Soutk Wales (Appendix A). One sample from drill core was chosen for ®Ar/*°Ar
dating. Sample preparation was done at Monash University; the rock was crushed
and the feldspar phenocrysts separated out. The sample has been sent to be irradiated
in position 5C of the Macmaster reactor in Canada, and will then be analysed using
facilities in the Noble Gas Laboratory, School of Earth Sciences, the University of

Melbourne. The analysis is yet to be completed.

1.5 THESIS OUTLINE

Each of the three main aims are addressed in 2 separate chapter of this thesis, and an
additional chapter is included in which the palaecomagnetic results are presented. The internal
features of pahoehoe and aa flows are investigated in Chapter 2, with a view to gaining a
better understanding of the emplacement, cooling and crystallisation processes of basaltic
lavas. The results of the palaecomagnetic and rock magnetic studies are presented and interpreted
in Chapter 3, along with some background theory. These results are combined with additional
data in Chapter 4 to produce a magnetostratigraphy. Also in Chapter 4, the types and distribution
of volcanic and sedimentary facies in the Werribee Plains are investigated. The results of all
of these chapters are combined with some further data in Chapter 5, and the palaeovolcanology
and evolution of the Werribee Plains are explored. The Newer Volcanic Province is then
compared with other intra-piaie basaitic provinces, and plains-basalt volcanism is better
characterised. Conclusions of the study and a discussion of the implications of the results are

presented in Chapter 6.
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CHAPTER 2

CHARACTERISING THE INTERIORS OF PAHOEHOE AND AA LAVAS:
AN INVESTIGATION OF EMPLACEMENT AND CRYSTALLISATION PROCESSES

2.1 INTRODUCTION

Unlike many geological processes, we are able to observe basaltic lavas actively
erupting and being emplaced (Fig. 2.1). Active basalt lavas have therefore been widely studied,
and much is known about the emplacement mechanisms and resultant surface morphologies
of these lavas (eg. Macdonald 1953, Greeley 1987, Guest ¢z al. 1987, Lipman & Banks 1987,
Hon er al. 1994, Peterson et al. 1994, Calvari & Pinkerton 1998, Kauahikaua et al. 1998,
Cashman ez al. 1999). Two end-member types of basalt have been identified primarily based
upon emplaceiment mechanisms: pahoehoe and aa. Pahochoe lavas propagate by budding out
from small toes at the flow front beneath chilled, smooth, low relief surface crusts. Aa lavas
are generally emplaced at higher velocities than pahoehoe, and propagate by autobrecciation

of the flow front. Talus from the cooled, broken surface crust is dumped over the flow front

and falls to the base of the flow. The talus is overridden by lava outwelling from the fluid

Fig. 2.1 Photograph of pahochoe lava being emplaced on the island of Hawaii. Note the smooth to ropy

morphology of the crust, which initially stretches plastically as more lava is injected beneath it.
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inner core, thus producing a fragmented basal layer. Solidified pahoehoe and aa lava flows
are primarily distinguished from each other by their different surface morphologies, although
the internal structures are known to differ as well. Until recently, few studies have characterised
the interiors of solidified basalt flows, despite the fact that commonly only vertical sections
through lavas are accessible when studying ancient terrains (eg. road cuttings, diamond drill
core etc.).

The internal vesicle distributions through solidified pahoehoe lobes have recently
been documented and quantified, in order to understand more about emplacement and
crystallisation processes (eg. Long & Wood 1986, Aubele et al. 1988, Wilmoth & Walker
1993, Self et al. 1996, Cashman & Kauahikana 1997). Two main types of pahoehoe lobes
have been identified on the basis of vesicle and crystal textures: S-type or “spongy” lobes,
and P-type lobes (eg. Walker 1989, Wilmoth & Walker 1993). S-type lobes form with minimal
inflation and contain spherical vesicles distributed throughout, with a higher concentration in
the centre. P-type lobes consist of a dense interior (non-vesicular zone, NVZ or core)
surrounded by more vesicular upper and lower margins (upper vesicular zone, UVZ and
lower vesicular zone, LVZ), and they may contain pipe vesicles at the base; Fig. 2.2. They
form either by inflation of the lobe beneath a chilled crust, or by ponding of the lava in a

topographic depression. Vesicle zonations within P-type lobes have been characterised in

Fig. 2.2 Idealised schematic
UPPER diagram of an inflated P-type
c&g pahoehoe lobe. The lobe is divided
into three sections on the basis of
.f vesicle structures, jointing and
B — crystal texture, after Self et al. -
: § 3 (1998). Abbreviations: UVZ-
CORE f upper vesicular zone, NVZ- non-
wva i ’ : ; J-. vesicular zone, LVZ- lower
' ! L vesicular zone, HVZ- horizontal
LOWER \ % i ; vesicle zone, VS- vesicle sheet,
C&JZS)T % E_x ‘;:g VC- vesicle cylinder, P- pipe
JOINTING RN BERTH s, Y vesicle (see Table 2.2},
VESICLE VESICULARITY
STRUCTURE CRYSTALLINITY
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order to distinguish between these mechanisms of formation (Hon er al. 1994, Self et al.
1996, Cashman & Kauahikaua 1937, Kauahikaua er al. 1998}. Petrographic textures of
pahoehoe and aa flows have prc;viously been compared (Sato 1995, Cashman er al. 1999,
Polacci er al. 1999), however little work has been done to characterise textural and:
compositional changes thronghout individual basalt fiows (eg. Watkins et al. 1970, Siders &
Elliot 1983, Katz 1997, Sharma ez al. 2000). This is surprising, considering that the textural
and compositional zonations through Archaean komatiite lavas are well known (eg. Pyke ez
al. 1973, Arndt et al. 1977, Amdt 1986, Tumer ef al. 1986, Renner er al. 1994). In this study
the vesiculation patterns, petrographic textural zonations and geochemical variations through
selected lavas from the Newer Volcanic Province, Victoria and from Hawaii are investigated.
In particular, P-type pahoehoe lobes that are considered to have formed by inflation are
investigated and compared with aa flows. Inflated P-type pahoehoe lobes were chosen in
preference to S-type lobes for this study, in order to gain a better understanding of the inflation
process. The relationship of any identifiable petrographic textural and geochemical zonations
with vesicle zonations and surface features is investigated. The characterisation of the interiors
of inflated P-type pahochoe lobes and aa flows will lead to a better understanding of the
processes occurring beneath the chilled lava crusts, which are not observable in active lava
flows.

Much of the data for this study was collected from diamond drill core, taken from the
Werribee Plains of the Newer Volcanic Province (NVP) (see Chapter 1, Fig. 2.3a). There are
obvious limitations associated with drill core analysis, particularly in a sequence that has
experienced prolonged periods of quiescence and weathering throughout its history (Chapter
4). Positive identification of flow unit boundaries is difficult, the morphology of flow tops
can be hard to discern, and it is impossible to assess the geometry of flows and lateral variations
in vesiculation pattems within flows. Fieldwork was carried out in Hawaii to snpplement the
data set (Fig. 2.3b). Although the composition of the Hawaiian and NVP basalts are quite
different (oceanic tholeiites cf. predorninantly continental alkalic basalts). the general processes
associated with the emplacement and crystallisation are considered to be comparable. Samples
in Hawaii were preferentially collected from outcrops of both historical and recent pahoehoe
and aa lavas for which the emplacement history is known, in order to characterise the
vesiculation and petrographic textures. These results are compared with and complement the

results of the NVP basalt study.
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2.2 METHODS

Diamond drill holes in the Werribee Plains have intersected up to 110 m basalt, and
only the top 5-25 m of each hole contain lavas that were fed by the exposed eruption centres
(Fig. 2.3a). Each of the NVP flows analysed here are labelled according to drill hole name,
followed by a letter to distinguish between the different flows from a single drill hole (Table
2.1). See Chapter 4 for a more complete discussion on the stratigraphy of the lavas. More
than SO P-type pahoehoe lobes considered to have formed by inflation, and seven aa flows
were identified in diamond drill core (see Table 2.1 for list of flows analysed). Hawaiian
samples were collected from road cuttings and cliff exposures (Fig. 2.3b). Two aa lava flows
exposed in road cuttings were studied: one from the 1868 eruption of Mauna Loa, and an
associated S-type pahoehoe lobe (eg. Siliiman & Dana 1868, Lockwood & Lipman 1987),
and one from the 1955 eruption of the east rift zone of Kilauea (eg. Macdonald & Eaton
1964). Threz inflated P-type pahoehoe lobes were investigated: two prehistoric flows from
within the Hawaii Volcanoes National Park and one lobe exposed in the sea cliff at Kalapana
from the 1990-1991 eruption of the east rift zone of Kilauea (eg. Heliker et al. 1998). The
pre-historic flows are considered to have been erupted from within the vicinity of Kilauea
caldera between 200-750 years B.P. and 400-750 years B P. respectively (Wolfe & Morris

Table 2.1 List oy all flows analysed in this study. and the depths of the flows in drill core.

Flow name | Depth of NVP | Vesicularity | Petrography | Geochemistry
flows (m) guantified
DER7A 63.5 Y
KORI1SA 9.0 Y Y Y
KORI15B 28.5 Y Y Y
KORI15C 350 Y
NVP KOR16A 4.5 Y Y
pahoehoe  |{KOR16B 15.5 Y
lobes PYW7A 15.5 Y
PYW7B 230 Y
PYWIC 46.0 Y
TAR1ZA 17.0 Y
TARI12B 275 Y
DER/B 370 Y Y Y
;?: “Zs““ KORI15D 55.5 Y
KORI16C 36.0 Y
.. HAW-CCD Y Y Y
gg,:‘;‘;j;‘;’; HAW-HPR Y Y
lobes HAW-KAL Y Y
HAW-MAU1 Y
BAW-HWY 1 Y
Hawaiian aa | 2 Y
flows 3 Y Y Y
HAW-MAU?2 Y Y
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Fig.2.3 Sampling locality diagrams. a. The diamond drill hole distribution in the Werribee Plains in relation to
the exposed volcanic centres: 1- Mt, Kororoit, 2- Ryan’s Hill, 3- Stony Hill, 4- Spring Hill, 5- One Tree Hill, 6-
Green Hill, 7- Mt. Cottrell, 8- Greek Hill, 9- Black Hill, 10- Mt. Atkinson. See Chapter 1 for the location of the
Werribee Plains. The extent of the lava flows from each centre is constrained by the stratigraphic studies (Chapter
4}. b. Five major volcanoes make up the island of Hawaii. The distribution of historic lava Jiows from Mauna
Loa and Kilauea are shown, with the sampling lecalities. Two prehistoric lava flows were sampled, and although

they are considered to have been erupted from within the vicinity of Kilauea caldera, their extent is poorly

constrained and not shown.
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1996). The Hawaiian flows are all labelled with a prefix HAW- to distinguish them from
flows from the NVP (eg. Table 2.1).

Flow units were identified (section 2.3.1) and the distribution of vesicles and
segregation structures within each fiow unit was sketched and qualitatively described. The
vesicle distribution was quantified in selected flow units that were considered to be complete
(ie. lacked evidence of significant weathering and/or erosion). A transparent, plastic grid was
overlain on the core, and point counting yielded the total vesicle area fracticn (%). The total
number of vesicles within the grid area (divided by the area) gave the number density. The
mean diameter of the ten largest vesicles yielded the maximum vesicle size (mm). Thin sections
were made at regular intervals through selected complete pahoehoe and aa flow units, and

petrographic textures analysed. For reasons given in section 2.3.3 this study focuses on

groundmass textures. Variations in the mineralogy and texture of the groundmass throughthe -

flows were systematically recorded, both qualitatively and quantitatively. Point counting (400
counts per section) gave ihe overall proportion of each of the groundmass minerals, volcanic
glass, phenocrysts and vesicles in each section. The average grain-size of each groundmass
mireral was determined by the mean of the measurements of 16 grains of a particular mineral
per section (using the cross-hairs). The longest dimension of each mineral was measured.
The methods used to quantify vesicularity, mineral sizes and mineral proportions were repeated
multiple times on a given sample to test reproducibility. Relative errors were determined
(shown as error bars on relevant figures) based upon the standard deviation from the mean
value obtained from multiple counts. Areal number densities (N ) of all groundmass minerals
(ie. the number of crystals per unit area) were calculated by combining the grain-size and

mineral abundance data according to:

1\.%=f=$/:r|:r2 2.1
OR N =g/l*w 22

where g is the area fraction of the mineral in the groundmass (normalised for vesicle-free
rocks) and r is the average radius of the grain, assuming equant grain shapes.To calculate N
for plagioclase laths and elongate opaque rods equation 2.2 was used, where [ and w are the
average length and width respectively of a mineral. Bulk rock x-ray fluorescence (XRF)
analyses were made in some flow units at positions corresponding to thin section samples.

Some of the samples were analysed as fused disks for major and trace elements at Melbourne
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Universiry, and some for major elements at the University of New South Wales (scé Appendix
A for outline of methods). Presspd powder pellets were used for trace element analysis at the
University of New South Wales (Appendix A). Geochemical analyses were repeated multiple
times on the same fusion buttons for each of two samples in order to check the relative
precision of the analytical technique. Acceptable error levels for all geochemical analyses are
fixed values of 0.1% for SiO,, 0.05% for the remainder of the major elements, and trace

elements have an error of 1% of a given trace element value.

2.3 RESULTS
23.1 Identifying flow unit boundaries

The smallest coherent package of lava is a lobe (Self et al. 1998). This term is
synonymous with flow unit or vesiculation unit: 2 package of lava that has experienced a
unique cooling history. Pahoehoe flow units contain upper and lower chilled margins, in
which vesicles are the smallest. Inwards there is a general increase in vesicle size (Wilmoth
& Walker 1993). Although pahoehoe flow tops may contain ropy structures these are relatively
low relief, and in a sequence of pahochoe lobes the contact between each is generally planar,
and identifiable by the presence of chilled margins and vesicle zonations as described.
Identifying the contacts between pahoehoe flow units was relatively straightforward in the
outcrops observed in Hawaii, using these criteria (Fig. 2.4a). The flow units studied are
generally the uppermost lobe within a sequence, are lobate in vertical section, and aspect
ratios (Vertical/Horizontal) range from 0.20-0.40. The glassy chilled margins are preserved
to a limited extent in the lavas of the NVP, and contacts between flow units are identified by
the vesicle zonations: an abrupt change in size, shape and overall vesicularity. This often
occurs as a general decrease in vesicle size with depth overlying a sharp, planar contact with
the drill core containing a general increase in vesicle size locally. For the scope of this study
pahoehoe flow units that have a planar, conformable upper contact are considered to be
complete, even when the chilled margin is not preserved. Each flow unit studied
petrographically occurs in the centre of a package of lobes (3-5 lobes), 20-30 m thick. Pahoehoe
flow units exposed in outcrop in the Werribee Plains (in quarries) generally have a sheet-like
morphology, and the average aspect ratio is calculated tc be less than 0.20.

The crusts of aa lava flows consist of ‘jumbles of rough, clinkery and spinose

fragments”’(Williams & McBirney 1979), produced through autobrecciation during

emplacement. The lava fragments that make up both the irregular upper and basal crusts
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The upper crust always grades down into a dense lava core, which overlies a basal fragmental
layer. The upper and lower fragmental crusts each range in thickness from 10’s of centimetres
to metres. Individual aa lobes were identified in Hawaii by the presence of their dense Java
cores. The aspect ratios (V/H) of the aa lobes studied are 0.07-0.10, and these values are less
! than the aspect ratios of pahoehoe lobes because the aa channelis are significantly wider than
the pahoehoe lobes (45-70 m cf. 5-10 m). In drill core aa flows are identified by the presence
of upper and lower fragmental zones of clinkery clasts around a dense core. Each of them are
bounded above and below by paleosoils. No aa flows have been identified in outcrop in the

Werribee Plains, bence it is not possible to constrain lateral dimensions of the flows identified

in drill core.

;- 23.2 Vesicle zonations

The vesiculation trends of a number of inflated P-type pahoehoe lobes have been

quantified (Fig. 2.6). All of the lobes can be subdivided into an UVZ, NVZ and LVZ (Table
I 2.2). The vesicles in the UVZ are generally spherical to slightly irregular in shape, and they
3 are not commonly interconnected. Although there are large variations in size and proportion
a of vesicles within a given UVZ, locally the vesiculation patterns are relatively homogenecus
(Fig. 2.5a). Generally the lobes demonstrate a decrease in overall vesicularity and number
;_‘I density towards the base of the UVZ, and a small increase in vesicle size. A striking feature

that occurs in about half of th= flow units observed ts the presence of horizontal vesicle trains

toward the base of the UVZ, and these have not previously been documented. Vesicle trains

occur as either (i) a spherical vesicle outline with a sub-horizontal elongate tail trailing behind
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it (a void up to a few cm long) or (ii) a series of slightly elongate vesicles in a line, commonly

interconnected (Fig. 2.5b). Zones of vesicle trains range from ~0.1-2 m in thickness. The
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zones contain numerous vesicle trains, as well as isolated spherical vesicles and diktytaxitic

voids,
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Although zones of vesicle trains commonly occur at the base of the UVZ there are
some cases where they overlie a zone of spherical vesicles within the UVZ (eg. KOR15A)

and in one instance vesicle trains are observed at the top of the : .VZ (HAW-HPR, Fig. 2.6).
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The contact between the vesicle trains and underlying spherical vesicles within the UVZ is

S SR

relatively sharp in a broad sense, however it is locally gradational, and interpreted to represent

a horizontal vesicle zone (HVZ). HVZ’s are more easily identifiable in outcrop than drill
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Table 22 List of terms used throughout the chapter and corresponding definitions (Shelley 1993, Self et al.

1998, Thordarson & Self 1998). ’
)
3
Terms and Definition 1
Abbreviations %
Vesiculation patterns g
UVZ Upper vesicular zone- corresponds to the upper crust of P-type pahochoe lobes 1§
(Fig. 2.2). 2
NVZ Non-vesicular zone- corresponds to the core or centre of P-type pahoehoe lobes. %
LVZ Lower vesicular zone- corresponds to the lower crust of P-type pahoehoe lobes. “é
HVZ Horizontal vesicle zone. May occur within the upper crust of inflated P-type ’3
pahoehoe lobes. HVZ’ s are discrete zones of increased vesicularity, and have .53
gradational contacts. 3 e
(Horizontal) vesicle |Generally are located at or towards the base of the upper crust of inflated P-type ‘; ::":':": 7 &
trains pahoehoe lobes. The trains occur as a series of commonly interconnected, spherical .:“ -
to elongate vesicles (generally horizontally oriented). EJ b
Pipe vesicles Occur in the lower crust of some inflated P-type pahochoe lobes. Roughly 2 *
cylindrical pipes of near-vertical orientation that are hollow. E
Segregation material jCommonly vesicular, coarsely crystalline material that is typically found in the F%
(including VS* s core of P-type pahoehoe lobes. Segregation material occurs in a variety of o
& VC s) geometries (veins, vesicles, sheets (VS® s), cylinders (VC* s)), but
characteristically has sharp contacts with the surrounding basalt.
Petrographic textures :
Porphyritic Phenocrysts sel in a finer-grained groundmass. %f
. . . . . S -
Trachytic The alignment of feldspar laths in volcanic rocks due to laminar flow. j ; E'%'-‘;
Intergranular Equant clinopyroxene grains occur interstitial to a plagioclase lath network. !g :?3:5::.5
Ophitic Large clinopyroxene grains are intergrown with and partially to comgletely enclose {«;I Co
plagioclase laths. e .
Sub-cphitic Some degree of intergrowth of clinopyroxene and plagioclase is exhibited, yet not —
a complete enclosing of plagioclase by the clinopyroxene. S
core, due to their laterally continuous nature. In outcrop, thin laterally continuous zones of R S
increased vesicularity or locally increased vesicle size were often observed, however these {: .
may easily be overlooked in drill core. In drill core changes in size of vesicles are generally 1 _' .
observed to be gradational, although this is difficult to illustrate (Fig. 2.6). The base of the [REEE Fig. 2.5 Photographs of pahoehoe lava in drill core. a.

UVZ is marked by a decrease in vesicularity, although there is rarely a sharp contact. The Homogeneous vesicle distribution within the UVZ of an

normalised UVZ thicknesses of the lobes (ie. UVZ thickness/total flow thickness) range from inflated pahoehac lobe (DER7. 66.6 m). b. Vesicle trains

0.27-0.75, and average 0.50.

preserved towards the base of the UVZ in a P-type pahoehoe

lobe in drill core. Berween the trains of vesicles isolated

Il
Segregation structures are present in most of thess lobes, and are commonly sub- ‘ spherical vesicles and dikivtaxitic voids occur (KORIS,

horizontal at the top of the NVZ, and occur as vertical vesicle cylinders at depth in some 8.2 m). ¢. A rypical LVZ, showing a decrease in size and
instances. The segregation veins are thin, vesicular veins generally of more coarsely crystalline i increase in number of vesicles towards the base of the lobe.
Note the pipe vesicle, in the top left of the photograph

{DER7.72.5 m).

material, containing sharp contacts with the surrounding basalt. The veins range from less

than 1 to 10 cm thick, and vesicle cylinders have been observed in drill core and outcrop to be ?
!
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in a, & b. are drawn at a different scale, and the lobe labelled BAW-KAL is different again.

Fig. 2.6 Graphic logs of representative inflated P-type pahoehoe lobes from a. the NVP and b, the NVP and
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well over 1 m long. The geometries of these structures are not very well constrained in drill
core. The contact between the NVZ and LVZ is generally gradational, with a few stray vesicles
trapped in the core of the flow. The LVZ ranges from 0.1-0.6 m thick, and averages 0.3 m
thick. It generally contains very small, spherical vesicles at the base, which become larger
with height (Fig. 2.5¢). Larger vesicles commonly range from irregular shapes to diagonally
elongate and are sparsely distributed above the base of the flow. Pipe vesicles are vertically
elongate voids that are more than ~10 cm long (although an incompleie section may be
intersected by the drill core), and these are contained within the LVZ of some flow units (Fig.
2.5c). The distribution of both the size of vesicles and overall vesicularity in the LVZ is

generally more heterogeneous than the distribution in the UVZ.

Aa

The aa flows observed occur as relatively thin flows from Hawaii (less than ~5 m),
and thick flows from the NVP (more than 10 m) (Fig. 2.8). The Hawaiian flows are more
vesicular than those from the NVP which are predominantly non-vesicular, although isolated
vesicles occur throughout the flows. The relative thicknesses and vesicularity of aa flows are
considered to be related in part to their proximity to vent (Lipman & Banks 1987, Rowland &
Walker 1988, Watker 1993). Both of the aa flows from Hawaii are proximal to vent, occurring
within § km (Fig. 2.3b), whereas for reasons discussed in Chapters 4 & 5 the NVP aa flows
are considered to represent a distal facies (probably greater than 10 km from vent). Despite
this, similarities were observed between the aa flows analysed. The Hawaiian flows were
easily identified as aa in outcrop, due to the clinkery upper and lower surfaces separating a
dense core. Both flows studied have eyewitness accounts and have been subsequently studied
(eg. Silliman & Dana 1868, Macdonald & Eaton 1964, Polacci er al. 1999). Clinkery material
- is variably agglutinated to the core base, so the base of the flow has irregular relief. Material
from the base is commonly entrained into the interior. The aa flows were more difficult to
identify in drill core. All three flows identified have palaeosoils developed over the flow, and
only one has retained at least some of the clinkery upper fragments (Fig. 2.7a). The main
defining feature which is present in ali flows is a small rubbly, clinkery zone at the base of the
flow. The fragments within this zone generally show evidence of autobrecciation so as to
distinguish them from weathered basalt clasts. The clinkery clasts gencrally have rough, spinose
surfaces, and may have a spatter-like appearance. The basal zones constitute a small proportion

of the flow, compared with the Hawaiian flows observed, however in each instance they are

TATETESTT
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Fig. 2.7 Photographs of features of aa
flows in a. & b, drill core from the NVP,
and c. outcrop in Hawaii. a. Rough,
clinkery clasts are now bound rogether by
soil at the top of this flow. Note the
irregular clast boundaries (DER7, 41 m}.
b. Evidence of more vesiculur material
locally entrained into the imerior of an
aa flow (partially vesorbed clasts of crusi)
(DER7, 43.1 m). e. A relatively sharp
contact between vesicular and non-
vesicular lava. This is thought to have
been produced by physical mixing of the
fava during emplacemen:, with the
incorporarion of autobrecciated clasts
Srowi the wupper crusi. The lava does not
homogenise because it~ 90 cool and
viscous (HAW-MAU. . cutting,

correct way up).
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Fig. 2.8 Granhic logs of representative aa flows from a. the NVP and Hawaii, and b. Hawaii, with vesicle
zonation trends quantified. Note the heterogeneous vesicle distributions throughout the flows compared with

the pahoehoe lobes (Fig. 2.6). Again, the lobes are drawn at different scales in a. & b., and HAW-MAU2 is
different again. Refer to Fig. 2.6 for legend.

~0.2-0.5 m thick. Near the tops of the cores of the thick NVP flows locally there are vesicular
patches, with relatively sharp contacts with the surrounding core. These pseudo-clastic textures
are interpreted to be evidence of the entrainment of more vesicular material into the cores of
the flows, rather than being trapped gas bubbies rising from within the core (Fig. 2.7b).
Vesicles, where present in the dense cores of aa flows, are heterogeneocusly distributed.

Unlike P-type pahoehoe lobes, aa flows lack a tripartite zonation; vesicles are distributed
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randomly throughout the flows. There are commonly relatively sharp contacis between
vesicular and dense basalt (Fig. 2.7c), and within some coarsely vesicular zones there are
patches of very finely vesicular material. Locally the vesicular portions may have a spongy
appearance, with numerous small round vesicles between large, irregular shaped vesicles
(often elongate and rarely spherical). This bimodal size distribution is not uncommon in the
aa flows observed (cf. relatively homogeneous size distribution in pahoehoe flows). Bands of
vesicles that are elongaie and sub-parallel preserve the local direction of motion of the lava
prior to solidification. These are not to be confused with vesicle trains observed in pahoehoe
lobes. The elongate vesicles observed in aa flows are discrete, sheared bubhles cf. a series of
these in the pahoehoe lobes, and they lack the interstitial spherical bubbles and diktytaxitic
voids. Often a ‘swirly’, concentric arrangement of bubbles is preserved suggesting either
irregular, non-laminar flow conditions, or the ductile folding of laminar flow layers. These
patterns are in stark contrast to the continuous, linear horizontal vesicular zones preserved in
pahoehoe flow units. Even in the very thick flows there is no evidence of any post-emplacement
bubble rise. Unlike most of the P-type pahoehoe lobes there is no evidence of any segregation

veins in the aa flows.

233 Petrographic textural variations through flow units

Six pahoehoe flow units inferred to have formed by inflation were sampled for
petrographic studies, three from the NVP (~6.5-11 m thick) and three from Hawaii (~1-2.5 m
thick), Table 2.1, Fig. 2.9. Three aa flows have been studied petrographically, one from the
NVP (~22 m thick) and two from Hawaii (~2.5-3 m thick), Table 2.1, Fig. 2.11. A small
pahoehoe S-type lobe associated with the aa flow from the Mauna Loa 1868 eruption was
also analysed (~0.4 m thick). The aim of this study is to investigate cooling and crystallisation
processes that occur in basaltic lavas during and after emplacement. Phenocrysts
characteristically are formed prior to eruption, and the size, mineralogy and abundance of
phenocrysts in a lava flow is a function of the pre-eruptive history of the magma (eg. Ho &
Garcia 1988, Baker er al. 1996, Garcia 1996, Kuritani 1999). The flows studied here contain
widely varying phenocryst populations, making it difficult to compare them. Although the
phenocrysts would have had some effect on the cooling rates of the lavas, the groundmasses

of the lavas are considered to have preserved a more complete cooling history. Variations in

the abundance of phenocrysts through the flows are documented in section 2.3.4, and the

major focus in this section is the differences in groundmass textures. Phenocrysts are
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distinguished from the groundmass minerals as they are commonly euhedral to subhedral,
are generally significantly larger than the groundmass, and are not intergrown with other
minerals. Qualitatively, the sizes of phenocrysts were not observed to vary substantially or
systematically throughout individual lobes.

Each of the Hawaiian lava flows and one of the NVP lavas (KOR16A) sampled are
tholeiitic in composition, and the remainder that underwent petrographic studies are alkalic.
All samples (apart from chilled margins) are dominated by plagioclase laths, and contain
clinopyroxene and opaque phases. Where olivine or orthopyroxene minerals are present in
the groundmass they are generally an equivalent size to the clinopyroxene, and occur in
relatively minor quantities. For simplicity these minerals are thus included with clinopyroxene
hereafter. Variations in size and proportion of the groundmass minerals are quantified (Figs.
2.8 & 2.10), and some groundmass textural features are documented. The relationship between
the groundmass plagioclase and clinopyroxene is documented as intergranular (I), ophitic
(0), or sub-ophitic (5-O) (Table 2.2, Fig... 2.8 & 2.10). It is important to note that no distinction
is made in this classification about the glass content of the groundmass: these textural terms
are only used to describe the relationship between plagioclase and clinopyroxene. Variations
in the glass content are shown graphically, and in some instances the original volcanic glass
has devitrified or been altered. Dusty zones coritaining very fine opaques occur interstitial to
plagioclase laths in some pahoehoe samples, and are interpreted to once have been volcanic
glass. In these cases opaques that have crystallised directly from the melt are distinguishable
from the other opaques as they are coarser, and are not confined to the interstices, but extend
and interact with other minerais (Fig. 2.10c). Opaque minerals in basalts occur as suboctahedral,
tabular grains or elongate rods and needles. The morphology and overall orientation of the
opaque minerals in each sample are documented on the graphs showing the variations in
mineral abundances.

The deduction of the true 3-D grain-size distribution from measurements on 2D sections
are problematic because (i) larger grains are statistically more likely to be sampled by the thin
section than smaller grains, and (ii) thin sectioning will produce a complete spectrum of
lengths ranging from the true grain dimension to infinitesimally small dimensions. These two
effects have been found in most distributions to cancel each other out, producing distributions
in 2-D that are representative of the true 3-D distribution (Jerram 1996). See section 2.2 for
error calculation methods. The mineral abundances are given as the proportion of each mineral

within the groundmass (phenocrysts and vesicles are not included).
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Pahoehoe
The pahoehoe lavas studied consistently demonstrate a smooth change in grain-size

of all groundmass minerals, coarsening towards the centre of the flows and fining towards

Chapter 2: The interiors of pahoehoe and aa lavas

the interiors, and although all the NVP flows show some evidence of this feature it is much
more rarely observed. Interestingly, these sets of parallel opaque minerals are not necessarily

parallel to a locally trachytic texture, suggesting the minerais were not necessarily aligned

5
az:
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e

:- | the margins (Fig. 2.9). See Appendix B for all petrographic measurements, and the positions during flow, but may have crystallised in these orientations (see section 2.4.2). Tabular,

and names of the individual samples within the flows. Of all the minerals clinopyroxene

suboctahedral grains are observed at the margins of some of the flows and also in the interiors
(NVZ’s} of the two thickest flows studied (KORI5A and KOR16A).

The tholeiitic flows contain a consistently higher glass content than the flows that are

4 Ly

demonstrates the most dramatic change in grain-size, as observed in the thicker flows from

TSR

s

the NVP. Grain-size variations are not as marked in the thinner Hawaiian flows studied,

i3

however the margins consistently contain finer minerals than the interiors. Although the
minerals in the core of the lobes are coarser than those in the upper and lower crusts,
interestingly no sharp change in grain-size is observed at the UVZ-NVZ boundary,
distinguishing between the upper crust and the core of the flows (cf. komatiites; see Chapter
6). This suggests that perhaps the cooling regime at the base of the crust and top of the core of
the flow are similar, and that no other processes occur during emplacement and crystallisation
to modify the morphology of the crystals of these two zones. The minerals in the interiors of
the thicker flows from the NVP are coarser than those in the Hawaiian flows observed, however
there is not a consistent relationship between flow thickness and grain-size (ie. KOR15B is
the thinnest of the NVP pahoehoe flows studied, yet contains the coarsest minerals.)

The pahoehoe flows are texturaily variable both within a single flow, and between
different flows (Fig. 2.9). All flows contain phenocrysts throughout; marginal samples are all
porphyritic, demonstrating a significant difference in grain-size of the phenocrysts and
groundmass minerals, and some samples from the interiors of the flows are porphyritic and
some are not. Groundmass textures are broadly homogeneous within a given sample; the
sizes of each mineral are generally fairly even, and apart from locally aligned plagioclase
laths (locally trachytic zones), minerals are generally randomly oriented. While the local
trachytic zones are not a dominant feature within a given sample, they occur at all intervals
through the pahoehoe flows, and in fact are one of the most consistent features observed (Fig.
2.10a). All of the Hawaiian pahoehoe flows observed are sub-ophitic throughout (Fig. 2.10c
& d). In contrast, the NVP pahoehoe flows vary from containing intergranular groundmass
textures throughout (KOR15A, Fig. 2.10a), to ophitic- sub-ophitic textures throughout
(KOR15B, Fig. 2.10b), to having a combination of all three textures (KOR16A). Rods and
needles are the dominant opaque mineral morphology observed within the pahochoe flows,

and these are commonly randomly oriented. In some cases the rods occur parallel to each

other locally (Fig. 2.10c¢). Each of the Hawaiian flows contain sets of paralle] opaque rods in
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alkalic in composition. At least one chilled margin has been sampled from most flows, and
the glass content decreases dramatically from the chilled margin into the interior of each
flow. Corresponding to the decrease in glass content is a sharp increase in the content of the
other grounu..iass minerals. In the thinner Hawaiian flows the concentration of each of the
groundmass minerals is fairly constant throughout each of the interiors. In the thicker NVP
flows there is a gradual increase in the plagioclase content towards the centre of the flow, a
corresponding decrease in the opaque mineral content, and the clinopyroxene content fluctuates
but is generally fairly constant.

Five out of six of the inflated pahoehoe flows sampled contain segregation veins (ie.
late-stage, residual melt crystallised to form veins within the NYZ, with sharp contacts with
the surrounding basalt) (Fig. 2.6). Thin sections were made of three of these veins (from
KORI16A,KORI15B & HAW-CCD). Each of the segregation veins contain minerals that are
significantly more coarse grained than those in the surrounding groundmass. Elongate opaque
rods and needles are abundant in each of them, and in one vein these occur in parallel sets that
appear to cross-cut all other minerals. Glass is a dominant feature in one of the veins, whereas
another is well crystallised and contains a sub-ophitic texture. The other vein is intermediate
between these two and locally contains very fine-grained opaque-rich portions, particularly
around the vesicles, however it also contains coarse, elongate plagioclase and pyroxene. All
of the veins have phenocrysts incorporated within, and contain abundant relatively large
vesicles, compared with the surrounding non-vesicular groundmass. The margins of the veins
generally appear sharp mesoscopically (except for the vein in HAW-CCD) however
microscopically the contact between the vein and surrounding groundmass minerals is always
locally diffuse. Segregation vesicles (ie. late-stage, residual melt crystallised within vesicles)
are also common in these flows and again five out of six of the inflated pahoehoe flows
contain these in the UVZ, Four of the LVZ’s contain segregation vesicles as dees the interior

of the S-type lobe sampled (HAW-MAU1). Segregation vesicles are characteristically opaque-
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rich. The opaques may be coarse, elongate rods or fine-grained and disseminated. Similarly
the other minerals associated (plagioclase and pyroxene) may be coarser or finer than the
surrounding groundmass, however high aspect ratio, skeletal morphologies are common.
Glass is present in some cases. The segregation material may completely infill a vesicle, or

may just line the margin and extend into the groundmass (Fig. 2.10d). The contact between

the segregation material and the groundmass ranges from very sharp to diffuse.

Fig. 2.10 Texmral photomicrographs of representative pahoehoe textures observed. The field of view for all
photos is 2.5 mm. a. Intergranular pchoehoe, containing fine clinopyroxene and opagues intersiitial 10 a
plagioclase lath network. Note that the texiure is locally irachyiic (K1503, crossed polars- XPL). b. Ophitic
pahoehoc texture, with intergrown plagioclase and pyroxene grains. Small microphenocrysts and elon gale opaquie
rods are also dispersed throughout (K1513, plane polarised light- PPL). ¢. Sub-ophitic pahochoc groundmass,
with somz evidence of plagioclase and pyroxene imergrowth. Opague rods are locally parallel, and can be
distinguished from the dark, dusty zones in the groundmass interstices, that were once voleanic glass (CCD2,
PPL). d. Sub-ophitic pahochoe groundmass. with part of a large pyrovene phenocryst evident in the botrom left

corner. The top right of the photo is the margin of a segregation vesicle, characteristically opaque-rich, and in

this case very fine-grained (HPR2, PPL).
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Aa

Unlike the grain-size variation trends in pahoehoe flows, the aa lavas exhibit
remarkably constant grain-sizes throughout each of the flows (Fig. 2.11). The one exception
is the thick aa flow from the NVP, which has much coarser grained clinopyroxene in the
interior of the core than the margins. Apart from this, plagioclase laths are consistently the
coarsest mineral in each flow, opaques are the finest, clinopyroxene grains are intermediate
in size between the two, and each of these minerals is a constant size throughout (within
errcr). Ail samples from the aa flows are porphyritic, containing large phenocrysts in a much
more fine-grained groundmass. Groundmass textures are more heterogeneous than textures
in pahochoe samples, particularly local grain-size vanations (Fig. 2.12¢c & d). Domains of
material that are more fine-grained than the rest of the groundmass have been located in the
core of each of the flows. The domains vary in shape and size, however they all tend to have
diffuse contacts with the surrounding groundmass minerals. The contacts between the finer
material and the remaining groundmass are not planar but irregular, and suggest a degree of
mixing or fluidal interaction between the two. These domains are interpreted to have cooled
more rapidly than the surrounding core (closer to the surface for example), and subsequently
have been entrained and incorporated during emplacement. They are not constdered to be
discrete clasts, as they do not have sharp contacts with the rest of the groundmass, nor are
they glassy like the clinkery clasts observed. These domains occrr throughout HAW-MAU?2,
near the top of HAW-HWY, and at the top and base of DER7B (up to 2.2 m beneath the base
of the upper clinkery crust).

The thick aa flow from the NVP contains trachytic textures throughout (Fig. 2.12b},
and the other flows locally contain trachytic textures at various positions throughout. Both of
the Hawaiian flows have intergranular textures throughout, with no sign of plagtoclase and
pyroxenc intergrowth (Fig. 2.12¢ & d). The thick NVP flow on the other hand contains a
variety of textures, ranging from intergranular and sub-ophitic near the margins and partly
into the interior, to ophitic in two of the samples in the core of the flow (Fig. 2.12b). One
feature characteristic of all aa flows observed, and different to the pahoehoe flows is that
suboctahedral tabular opaque grains are the dominant opaque morphology throughout. In
only two samples are rods dominant, however clearly there is not a notable change in grain-
size in these instances. In both of the Hawaiian flows studied there are places where the
opaques are locally aligned. There may be up to ~10 grains that are touching, and just slightly

offset from each other so that it can be seen that they are discrete grains (Fig. 2.12¢ & d).
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Fig.2.12 Variations in grain-size and mineral abundances are shown beside graphic logs of selected aa flows.
See Fig. 2.9 and caption for explanation of abbreviations, Note: * represents evidence of entrained material

into the core of the flow.
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The clinkery clasts sampled are generally dominated by glass (Fig. 2.122), and some
of the samples that are marginal to the core of the flows contain up to 20% glass. This is not
as much as is present in the chilled margins of the pahoehoe flows (more than 50% glass),
and notably no glass was observed within the interiors of any of the aa flows, which appear to
have fully crystallised. Again, as glass content decreases there is an increase in the proportion
of the other minerals. The proportion of minerals remains approximately constant throughout
each of the thinner Hawaiian aa flows. it is difficult to define a trend in the variation of

mineral abundances through the thicker NVP aa flow. Variations are not smooth as they are in

the thicker pahoehoe flows, which is noteworthy in itself. A larger data set is required to

Fig. 2.12 Textural photomicrographs of representative aa textures observed. Again, the field of view for all
photos is 2.5 mm. a. Glassy, clinkery clast from the 1op of an aa flow. A fracture extends across the width of the
photo, connecting vesicles and cross-cutting the lurge phenocryst (DE707, PPL). b. Ophitic aa groundmass
from the core of a flow. Note the texture is broadly wrachyiic (sub-veriical fabric in photograph), and dark
patches represent oxidised phenocrysts and tnbular opaque minerals (DE711, PPL). ¢. Intergranular aa
groundmass, showing a diffuse change in grain-size, with finer, entrained material in the 1op right of ihe photo.
Note that the tabular, equant opaques commonly occur aligned together (MAU10, PPLj. d. As in photo c. this

contains a diffuse change in grain-size, with the finer. entrained material on the left (MAUS, PPL).
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determine whether this is characteristic of all thick aa flows or not, but some implications
will be drawn below.

Although no segregation veins were observed in any of the aa flows, the two Hawaiian
flows sampled contain segregation vesicles. These occur towards the top, centre and base of
the flows. Like the segregation vesicles observed in the pahochoe flows, these are all opaque-
rich and in each case they are more coarse-grained than the surrounding groundmass. The
shapes of the segregation vesicles range from rounded to irregular- shaped, and the margins
range from sharp to diffuse. The opaque minerals are consistently elongate, and occur with
plagioclase, pyroxene + glass. There is no evidence of segregation material in the thick aa
fiow from the NVP. Thin, elongate fractures occur in cach of the aa flows and are not observed
in any of the pahoehoe flows. The fractures are located at the top of HAW-MAU?2, the base of
HAW-HWY and at all intervals within HAW-DER7B. They may locally connect vesicles or
be separate from them, and commonly the fractures appear to be oriented sub-parallel to each
other. The margins of the fractures are parailel 1o each other, but rarely planar. They have
wavy, irregular, locally scalloped margins, and in the NVP flows are infilled with zeolites.
Commonly the fractures cross-cut phenocrysts (Fig. 2.12a), and may locally offset the fractured
portions of the crystals. The fractures become wider towards the centre of the thick NVP aa
flow (up to ~0.4 mm wide) and apparently more abundant.

234 Geochemical variations through basalt flows

Three P-type pahoehoe lobes have been analysed for major and trace element
concentrations (two from the NVP and one from Hawaii), and two aa flows (one from the
NVP and one from Hawaii). Regardless of the composition of the flow (ie. tholeiitic or alkalic)
the purpose of this exercise is to look at relative changes in composition throughout each lava
flow. A useful way to compare the variation in elements of widely different concentrations is
to calculate the coefficients of variation (CV’s) of the varicus elements within a flow. The
coefficient of variation is the standard deviation expressed as a percentage of the mean value
(eg. Watkins ef al. 1970). The CV’s of the major and selected trace ciements were calculated,
and almost without exception SiO, was found to have the lowest value (generally less than
1). For this reason, and because of its very different concentration to the other major elements
(Appendix C), SiO, was not included in the geochemical plots. Al other major elements
were plotted except where the total concentration is less than 0.5%. Trace elements were

selected that are known to be strongly partitioned into the major minerals in basalt (Ni, Co,
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Cr, V and Sr), and also two elements that are known to be incompatible (Ce and Rb) (Rollinson
1993). The variation in phenocryst content (normalised to a vesicle-free basis) through the
lobes is shown adjacent to the geochemical plots.

In each of the P-type pahoehoe lobes, MgO shows the greatest variation (Fig. 2.13).
The CV for MgO is consistently more than 10 compared with all other majer elements, which
generally yield values of less than 5. In the thin Hawaiian flow (HAW-CCD), the large range
in MgO concentrations is attributed to two anomalous samples; there is a sharp drop in
concentraticn in the second sample from the top (CCD2) compared with the rest of the flow,
and a less dramatic decrease at the base of the flow (CCD6). The rest of the flow is fairly
homogeneous with respect to MgO. The two anomalous samples also demonstrate a noticeable
decrease in Fe,O,, Cr and Ni, and an increase in AL,O,, CaO and Sr. Corresponding to these
geochemical anomalies, CCD2 and CCD6 have significantly lower phenocryst contents than
the rest of the flow. The phenocryst population in this fobe consists of ortho- and clinopyroxenes
and olivine, and it is proposed that the relative depletion and enrichment of the elements
described here can be accounted for by the lower phenocryst content in these samples compared
with the rest of the flow, and the higher relative groundmass (particularly plagioclase)
proportion. In addition, CCD2 contains a number of segregation vesicles, and is therefore
enriched in opaque minerals (Fig. 2.9b) and incompatible elements (Ce). In contrast to this
lobe, the trends in MgO variation within the thicker flows from the NVP appear to be
independent of all other elements. In one lobe the maximum MgO value corresponds to the
maximum phenocryst concentration at the base of the NVZ (KOR15B). It appears likely that
these two maxima may be related, although it is unclear why no other elements are affected
by the increased phenocryst content. In the other lobe (KOR15A), maximum MgO
concentrations correspond to minimum phenocryst values in the NVZ. At the margins of the
flow where MgO values are the lowest, Ni demonstrates a sharp increase in concentration
(CV is ~25). Ni partitions strongly into magnetite (Rollinson 1993), and it is considered that
the high Ni contents reflect the high groundmass opaque (and glass) contents at ;¢ margins
of KOR15A (Fig. 2.9a). The corresponding decrease in MgO at the margins would in this
case reflect the lower relative proportion of olivine and pyroxene. As the flow is relatively
homogeneous through the interior, it is proposed that the changes in geochemistry of the
marginal samples may be attributed to different cooling rates producing different composition
rocks.

The two aa lava flows analysed demonstrate very different geochemical trends. Despite
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the variable phenocryst content in the thinner Hawaiian aa flow (HAW-HWY), it appears to
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F —8— Ti02 —6-— AROC3 —B— &r —b>— Ce be geochemically homogeneous throughout. The only sample to vary 1n concentration 1s the
'- —&6— Ca0 —p— Na20 —&— Nij —<4— Rb

—— Co lowermost sample (HWY6), a basal clinkery clast with a high glass content (Fig. 2.11). CV’s

for all elements are less than 10 for this flow. In contrasi DER7B demonstrates a higher
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degree of variability in concentration throughout the flow, and 5 elements have CV’s greater
than 20. Three samples appear to have anomalous concentrations in certain elements: the
fourth top sample, and the two lowermost samples (DE710, DE712 and DE713 respectively).
Sample DE713 has a particularly low phenocryst content, and this appears to be reflected by
a decrease in MgO, Cr and Ni. A more dramatic change in concentration occurs in sample
DE712. Unfortunately this sample has been substantially altered and therefore was not point
counted. For this reason the phenocryst content is unknown. There is a dramatic decrease in
Fe,O,, and a corresponding increase in CaQ and Sr. It is not clear whether this is due to a
relative change in the phenocryst or groundimass content or composition. Sample DE710 has
a high MgO content, but demonstrates no significant variation in other eiements or phenocryst
content compared with the rest of the flow. There is evidence that this sample contains material
entrained into the core of the flow (Fig. 2.11), and this might account for the difference in
concentration compared with adjacent samples, due to the different cooling histories (see

section 2.4.3).

24  DISCUSSION
24.1 Vesicles and segregation veins
Many of the differences between pahoehoe and aa flows observed in this study have
previously been identified and explained in terms of emplacement processes (Table 2.3).
Upon eruption, the external margins of pahoehoe lavas cool almost instantaneously, forming
smooth low relief crusts beneath which molten lava is fed (Macdonald 1953). Pahoehoe
sheet flows (or inflated P-type lobes) are produced by the radial spreading of pahoehoe toes
on shallow slopes and the coalescence of the surface crust, forming a continuous sheet under
which molten lava is fed (Hon e al. 1994). Steady inward growth and thickening of the upper
and lower crusts occurs around a constant fluid layer or interior tube of freshly supplied lava,
which is ~1 m thick in Hawatiian flows (Hon e al. 1994). Some gas bubbles within the molten
interior lava are trapped at the flow base (LVZ), but most rise to the top of the tube basalt
layer, are initially trapped beneath, and on further cooling are incorporated within the upper
crust (UVZ), leaving a dense core (NVZ). These bubbles are not generally subjected to
significant shear stresses, hence vesicles are generally discrete and spherical, and locally the
distribution is homogeneous (Aubele ef al. 1988, Wilmoth & Walker 1993, Self ¢t al. 1996,
Cashman & Kauahikaua 1997). Segrcgatibn veins form because incompatible elements (Fe

L]

Mn, Ti, Na, K, P) including volatiles (H,0, CO,) are concentrated in the residual melt during
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crystallisation of the NVZ (Goff 1996). These periodically rise as buoyant diapirs and spread
out at the base of the semi-solidified crust. They are preserved as vertical vesicle cylinders
and horizontal vesicle sheets (collectively called segregation veins here for simplicity) in the
NVZ.

A large proportion of P-type pahoehoe lobes were observed to contain horizontal
vesicle trains, and these have not been previously documented. Although these do not directly
help to distinguish between pahoehoe and aa flows, they are considered to be a useful feature
for distinguishing between inflated and ponded pahochoe lobes. Identifying the emplacement
mechanism of P-type lobes in ancient sequences has implications about the paleoslope: inflation
only occurs on gentle slopes, less than 2° (Hon et al. 1994, Cashman & Kauahikaua 1997).
Vesicle trains are interpreted here to reflect the final stages of lava movement in inflated
flows. They generally occur towards the base of the UVZ. As the lava begins to stagnate and
erystallise in the interior of the lobe, it becomes more viscous, has higher yield strength and
is more resistant to closure behind migrating gas bubbles. Although lava movement is minimal,
it is proposed that some horizontal flowage is occurring at this point, 14> .ded by the horizontal
vesicle trains. One would not expect to observe horizontal vesicle trains in ponded lavas,
because the vesiculation pattern is dominated by post-emplacement bubble rise, and there is
no horizontal component of motion of the lava during solidification. Horizontal vesicle trains
are suggested to complement the criteria previously identified for distingnishing between
these flows (Cashman & Kauahikaua 1997). The vesicle trains are particularty useful in ancient
sequences where a lobe may not be completely preserved/exposed (thus the normalised UVZ
thickness is meaningless). Also, in drill ;:orc it is difficult to characterise and quantify changes
in vesicularity with depth, and to identify horizontal vesicle zones from such a limited
perspective of a lobe. Horizontal vesicle trains are readily identifiable in drill core, however.

The interiors of aa flows reflect to some extent the unique emplacement mechanism
compared with pahoehoe lavas. The rough, clinkery crust is produced by autobrecciation,
and clasts from the upper crust may be entrained into the core, or fall to the base of the flow
during flow advance (Macdonaid 1953, Lipman & Banks 1987, Kilburn 1990, Crisp et al.

1994). It is considered that the lava undergoes autobrecciation because the viscosity or yield
strength of the lava beneath the crust is too high for it to flow between the torn-apart portions
of lava to heal the tear (Rowland & Walker 1990). Thus the exteriors of the autobrecciated
clasts are characteristically rough, as the viscous lava that is torn apart retains an irregular,

rough outline. It appears that gas bubbles are not able to migrate significantly during
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Table 2.3 Summary of differences observed in this study between the imteriors of 1. P-type pahoehoe lobes, and

2. aa flows. The fourth column in the table lists where these features have previously been documented.

General feature {1. Pahoehoe 2.Aa Previously
this study this study documented
Flow thickness Range of thicknesses NVP aa flows are
(see Chapter 5) observed: average NVP P-  |significantly thicker than
type pahoehoe lobe is ~7.5 |pahochoe lobes: average 22.5
m, average thickness of m thick
Hawaiian pahoehoe lobe
sampled is 1.8 m
Flow-top, base Relatively smooth and low  |Crusts consist of rough, 1. & 2. Macdonald
morphology relief clinkery clasts 1953, Kilbum 1990
and others
Incorporation of Absent Partially resorbed 2. Lipman & Banks
autobrecciated auiobr=cciated clasts and 1987, Crisp & Baloga
clasts into core of associated material occur near {1994
flow the top and base of the cores
of the flows
Vesicularion Lobes are subdivided into Vesicles are dispersed i. Aubele er al. 1988,
palterns UVZ,NVZ & LVZ throughout the core Wilmoth & Walker
1693, Self et al. 1996,
Cashman &
Kauahikaua 1997
Vesicles are generally Vesiculation patterns are 1. As above. 2. Katz
spherical, and distribution is {heterogeneous: they consist of 1997, Polacci &
locally homogeneous a range of shapes and sizes  |Papale 1997, Cashman
locally et al. 1999, Polacci et
al. 1999
Generally more vesicular Generally less vesicular than |i. & 2, Lipman &
than aa flows pahochoe flows Banks 1987, Polacci er
al. 1999
Vesicles are generally Vesicles are commonly 1. Cashman &
discrete and arc not interconnected (apparent Kauahikaua 1997
interconnected microscopically) 2. Cashman ef al. 1999
May contain horizontal 'Vesicle trains' are not
vesicle trains towards the confined (o a particular part
base of the UVZ of the flow, and they lack
associated spherical vesicles
Segregation Segregation veins are No segregation veins were 1. Puffer & Horter
material common observed 1993, Hon er al. 1994,
Goff 1996, Self et al.
1996, 1997,
Thordarson & Self
1998, Carolf et al.
2000
Segregation vesicles are Segregation vesicles were 1. Anderson et al.
relatively common in the observed in the thin aa flows (1984
UVZ and LVZ (~2.5 m thick) 2. Katz 1697
Fractures Absent Present in all flows
(as per text)
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Chapter 2: The interiors of pahoehoe and aa lavas

Groundmass grain-sizes

Generally relatively
coarse-grained

Generally relatively fine-
grained

1. & 2. Katz 1997

Smooth change in grain-
size: general coarsening
towards centre of {low

Grain-size generally
constant throughout
(except for clinopyroxene
in the thick aa flow)

Imterstitial groundmass
glass

Tholeiitic pahochoe lavas
contain volcanic glass in
inferstices beiween
plagioclase laths
throughout (less in
interior than chilled
margin samples)

Volcanic glass content is
high in the clinkery
clasts, relatively low in
marginal core samples,
and evidently absent in
interiors of aa flows

1. Long & Wood 1986,
Degraff et al. 1989

Mineral abundance
variations

Thicker flows (NVP)
contain a general increase
in plagiociase and
decrease in opaques
towards Lhe centre of
flows. No systematic
variation in the
clinopyroxene content
was observed.

Constant mineral
proportions were
observed throughout the
thinner aa flows, and
fluctuating abundances
were observed in the
thick aa flow (no smooth
trend identifiable).

Number densities of
groundmass minerals

Crystal number densities
are generally Jow.
Average areal plagioclase
number densities:

5.6 * 10 mm?

Crystal number densities
relatively high. Average
plagioclase number

densities: 2.8 * 10* mm™

1. & 2. Sato 1995, Katz
1997, Cashman er al.
1999

Textural features:
phenocrysts

Consistently porphyritic
at lobe margins, but not
necessarily porphyritic in
the interior

Consistently porphyritic
throughout

Textural fearures:
groundmass

Broadly homogeneous
groundmass texture

Locally heterogeneous
groundmass texture, with
sharp changes in grain-
size common

Opaque mineral
morphology and
distribution

Rods and needles are
dominant; they are
randomly distributed, or
in parallel sets.

Tabular grains are
dominant throughout;
they are generally
randomly distributed but
sometimes locally
aligned

Geochemical variations

Predominantly
geochemically
homogeneous throughout
all flows

Generally homogeneous
or locally heterogeneous
composition. No
consistent trends apparent

1. Siders & Elliot 1983,
Fleming ez al. 1992,
Bates er al. 1998

Thicker flows
demonstrate an increase
in MgO towards flow
cenires.

No significant increase in
MgO towards flow
centres was observed.
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emplacement due to the high viscosity or yield strength of the lava. Although aa flows are
generally less vesicular than pahoehoe flows (Lipman & Banks 1987, Polacci et al. 1999},
vesicles have been observed to be distributed throughout the cores (Fig. 2.8). This is in stark
contrast to P-type pahoehoe lobes, which characteristically have a dense core due to the
unhindered rise of gas bubbles. Vesicles are generally irregular shapes, interconnected to a
high degree, and their distribution is heterogenous (Katz 1997, Polacci & Papale 1997,
Cashman er al. 1999, Polacci er al. 1999), again reflecting the fact that the lava is more
viscous (higher crystallinity), and less able to homogenise. The higher viscosity of the aa lava
is considered to be a more likely explanation for the difference in the vesicularity patterns
between aa and pahochoe flows than the higher strain rates in aa flows (Polacci et al. 1999).
No segregation veins were observed within aa flows, but segregation vesicles were observed.
Again it is proposed that either the lava is too viscous for the residuai melt {enriched in
incompatible elements and volatiles) to propagate through the surrounding crystal mush as it
does in pahoehoe flows, or aa lavas are significantly depleted in volatiles (reflected in the
lower vesicle concentration). The presence of fractures in all aa flows observed might represent
an alternative mechanism to segregation veins for explaining the release of built-up gas pressure
during the crystallisation of more viscous lava. The fractures locally break apart and off-set
phenocrysts, suggesting they are brittle features and form with substantial shear stress. Although
aa flows are more viscous than pahoehoe, they are also commonly described as being higher
velocity flows. This is probably in part due to the fact that aa lava flows are considered to
most commonly form when eruption rates are high (eg. Macdonald 1953, Rowland & Walker
1990). The high discharge rates of the lava flows resuit in high imposed stresses on the flow
fronts, which can cause disruption and autobrecciation of the crusts (eg. Kilburn 1990). This
will subsequently expose the cores of the flows, resulting in higher cooling rates in the interiors

of these flows, thus increasing the viscosity of the lava.

242 Petrographic textures

Pahoehoe and aa lavas have previously been recognised to have different petrographic
textures. In particular, aa lavas have been observed to contain significantly higher groundmass
crystal number densities than pahoehoe lavas (Sato 1995, Katz 1997, Cashman ef al. 1999,
Polacci et al. 1999). Sato (1995) observed that the number density of groundmass plagioclase
differed by about two orders of magnitude between surface samples of the two different

lavas. The high crystal number densities in aa flows have been attributed either to higher
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cooling (and crystal nucleation) rates in proximal aa channels (Katz 1997, Cashman ef al.
1999, Polacci er al. 1999), or to a higher degree of undercooling prior to degassing and
eruption than pahoehoe lavas {Sato 1995). It is important to note that most of these studies
have involved studying surface samples, and Katz (1997) is the only one to also look at the
petrographic textures in the interiors of these flows. The focus of this study is to compare the
rock textures throughout the different lava flows, which provides information about relative
cooling rates in the range of crystallisation (Degraff e al. 1989). In this study groundmass
plagioclase number densities were observed to differ by only one order of magnitude between
pahoehoe and aa flows, and it is considered that this is because the values compared are the
means of the number densities of the entire flows. Furthermore, number densities are dependent
on the relative proportion of a mineral, which can be highly variable between flows with
different compositions. The average groundmass grain-size data is therefore considered to be
better for general comparisons between flows.

Although few studies have involved documenting textural variations through basaltic
lava flows (eg. Long & Wood 1986, Degraff er al. 1989, Sharma et al. 2000), gronndmass
grain-size and number density variations through bodies of magma cooled by conduction are
well constrained, due to studies and subsequent numerical modelling of dykes (eg. Winkler
1949, Ikeda 1977), lava lakes (Moore & Evans 1967, Kirkpatrick 1977, Wright & Okamura
1977, Cashman & Marsh 1988) and laboratory experiments (Lofgren 1977, Grove 1978,
Walker. ef al. 1978, Lofgren et al. 1979). Specifically, the cooling rate of the lava affects
plagioclase crystallisation and growth in a systematic, predictable way (Cashman 1993). In
general, crystal sizes increase and crystal number densities decrease with decreasing cooling
rates. It is important to note that of the flows examined in this study, this holds only for
pahoehoe flows, which cool by simple conduction without convection or mixing (eg. Hon ez
al. 1994). As expected, the cooling rates in the interiors of the pahoehoe flows studied are
significantly lower than the margins, as the average groundmass plagioclase size is larger in
the interiors of the flows. This effect is particularly evident in the thicker pahoehoe flows
from the NVP, and similarly it has been found that the peak grain-size in dykes increases with
increasing dyke width (Ikeda 1977).

Based upon observations of active aa flows we know that they do not cool by simple
conduction, but instead consist of a single advancing core and an overriding layer of cooler
material. The core is assumed to be thermally well mixed, and entrainment of semi- solid to

solid surface crust material into the core occurs due to physical mixing in the flow (Crisp &
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Chapter 2: The interiors of pahoehoe and aa lavas

Baloga 1994). Entrained crustal material was observed in all a: flows, commonly with the
margins partially resorbed, and represented by locally sharp changes in vesicularity or
groundmass grain-sizes. The piiysical mixing process serves to enhance the rate of crystal
nucleation, so that it is greater than can be explained by rapid cooling by conduction alone
(Emerson 1926, Kouchi =7 al. 1986, Cashman et al. 1999). In spite of evidence that physical
mixing occurs during emplacement, it is generally considered that aa flow interiors, or the
cores of aa flows cool slowly (Cashman ez al. 1999). This is based upon sampling break-outs
from flow interiors, as these commonly have tramsitional pahoehoe surface morphologies
and nearly constant temperatures (eg. Neal ef al. 1988, Calvari & Pinkerton 1998, 1999).
Average plagioclase grain-size trends through aa flows from this study suggest that even
upon stagnation and final solidification of the lava flows, their interiors did not cool more
slowly by conduction, as there is no evidence of increased grain-size towards the centre of
the core. Instead, the average length of plagioclase laths is surprisingly constant, even through
the thick NVP aa flow (the core is ~] 5- m thick), and textures do not resemble those observed
in relatively slow-cooling pahoehoe lobes.

An alternative explanation for the consistent plagioclase grain-sizes observed
throughout the aa flows, assuming the interiors did cool slowly, is that plagioclase growth
rates (and nucleation rates) decrease with increasing crystallisation (Cashman & Marsh 1988).
It is now well established that aa flows have higher crystallinities than pahochoe during
emplacement (Cashman et al. 1999, Polacci et al. 1999). However, this explanation does not
seem likely, as the number density of groundmass plagioclase laths in the pahoehoe break-
out (HAW-MAUI) from the aa channel (HAW-MAUZ2) sampled in this study, is on average
an order of magnitude lower than the aa flow. The plagioclase laths demonstrate an increase
in size towards the centre of the lobe, suggesting that unlike the aa fiow, it cooled by simple
conduction and the cooling rate was lower in the centre of the lobe. If the growth rate of the
plagioclase were affected by the higher degree of crystallisation in the aa lava, the break-out
would be expected to reflect this also. Thus, based upon the results of this study, it appears
that the interiors of aa flows may not necessarily cool slowly, but instead high plagioclase
number densities throughout, and constant grain-sizes reflect the physical mixing process
that serves to enhance heat loss. Further work is required to determine how representative
these results are of all aa flows, because if the interiors do cool quickly as has been suggested
here, it is difficult to explain how inﬂatidn of aa lavas can occur (eg. Calvari & Pinkerton
1998, 1999).
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The morphology of the opague minerals tends to be unique to the different flow types.
Unlike previous studies of flood basalt flows which have identified cruciform or octahedral
Fe-Ti oxide phenocrysts in slow-cooling portions, and feathery, dendritic ¢-vstals in the more
rapid cooling parts of the flow (eg. Long & Wood 1986, Degraff er al. 1989, Thordarson &
Self 1998), dominant morphologies observed in this study are rod-shaped and tabular. Rod-
shaped grains occur toward the centre of pahoehoe flows, suggesting they form at relatively
slow cooling rates (but not as slow as in the flood basalts, which have large, tabular
phenocrysts). Fine, tabular grains occur throughout aa flows (Fig. 2.11) and at the margins of
the thinner pahoehoe lobes (Fig. 2.9), reflecting higher cooling rates, higher nuclestion rates
and lower crystal growth rates than the interiors of pahoehoe flows. This su “ports the hypothesis
taat the interiors of aa flows do not cool slowly, as previously has been suggested (eg. Cashman
et al. 1999). The parallel nature of sets of rod-shaped grains in pahoehoe flows may be due to
heterogeneous nucleation of the gpaques (ie. on a pre-existing substrate). Commonly the pre-
existing substrate appears to have been an olivine or pyroxene phenocryst, and the opaque
grains are considered to have grown perpendicular to the phenocryst, into the interstitial
melt. They are not necessarily oriented parallel to any trachytic texture present, suggesting
they crystallised after the lava had stagnated. In aa flows the tabular opaque grains are locally
aligned, and this is considered to have occurred during emplacement in a similar way to the
alignment of plagioclase laths, produciiig a trachytic texture. These textural features are again
interpreted to reflect the higher relative cooling rates of aa lavas.

It has been observed that no characteristic textural progression is unique to either
flow type, apart from a trend in the size of the minerals, which coarsen inwards in pahoehoe
lobes. Pahoehoe lobes range from intergranular throughout, to ophitic throughout to a
combination of the two textures within a lobe. Similarly, different combinations of these
textures were observed in the aa flows. This is in part related to the different pre-eruption and
emplacement histories of the different flows prior to stagnation and fina} crystallisation, eg.
the degree of undercooling prior to eruption (Lofgren 1980, and others). These differences
may affect the order of crystallisation of the phases, which in turn may influence the
crystallisation behaviour of a particular phase through availability of heterogeneous nucleation
sites and rate of cooling through the crystallisation intervaln(Cashman 1993). Note also that
the degree of alignment of plagiociase laths is not consistently a reflection of the emplacement
style. The aa flows studied arc not consistently trachytic throughout, as one might expect due

to the higher viscosities of the lava and higher strain rates (eg. Peterson & Tilling 1980).

75




Chapter 2: The imeriors of pahoehoe and aa lavas

243 Geochemical variations

The basaltic lavas have generally been found to be chemically homogeneous, however
anomalous concentrations of some elements occur locally within each of the flows. These
variations are most pronounced in the thick aa flow from the NVP (DER7B), which
demonstrates the highest CV’s for elements within this flow. The anomalies have been
attributed to (i) anomalous phenocryst contents (eg. HAW-CCD, KOR15B and DER7B), or
(ii) material with a different cooling history to adjacent samples (eg. KOR15A, DER7B and
HAW-I:IIWY). There is no evidence that the chemistry of the magma feeding the lavas changed
progréﬁsively with time. If this were the case, one would anticipate that the margins of the
inflated lobes would be similar in composition, with a progressive change through the UVZ
with depth, and a different composition NVZ. This is not observed in any of the lobes, and
any changes in geochemistry of the magma that may have occurred are considered to be
below the dete;:tion limit of this study. All variations in geochemistry within the lobes are
interpreted in terms of in-flow and post-flow processes (physical and thermo-chemical).

(1) The most convincing exampie of the geochemistry reflecting the relative phenocryst
content occurs in HAW-CCD (section 2.3.4). The second top sample in the flow is clearly
depleted in phenocrysts compared with the rest of the flow, and this is the only flow analysed
in which such a dramatic depletion occurs. The lower phenocryst content is considered to be
related to an increase in segregation material compared with adjacent samples. The uppermost
sample in: the flow is very glassy, reflecting fast cooling upon contaci with the air. The second
sample was able to cool more slowly because of the insulating crust that formed above it, but
more importantly because it was sampled from within a small vesicle zone, or horizontal
vesicle zone (HVZ) (Fig. 2.13). HVZ’s have previously been documented within the UVZ of
inflated lobes, and occur as thin bands of increased vesicularity, representing pause events
during the inflation process, due to hiatuses in magma supply (Cashman & Kauahikaua 1997).
Increased vesiculation is triggered by the temporary loss in pressure within the lobe, during a
pause in magma supply. Microscopically it is suggested that HVZ’s may be characterised by
a low phenocryst content because the decrease in pressure within the flow allows phenocrysts
to settle (eg. Rowland & Walker 1987, 1988). A high proportion of segregation material may
also be expected, as the pause in lava supply and inflation allows crystallisation to proceed to
a greater extent rhan it would otherwise, and allows the residuul melt to segregate to some
degree, forming segregation vesicles. HVZ’S are more easily recognised in outcrop than drill

core, and each of the Hawaiian lobes analysed have evidence of at least 2 pause events in
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magma supply during formation of the {obes (eg. Fig. 2.6b). In KOR15A there is evidence of
a pause in magma supply during inflation. The zone of horizontal vesicle trains within the
UVZ overlies another zone of spherical vesicles, considered to represent temporary stagnation
of lava within the lobe followed by the injection of a fresh pulse of lava (Fig. 2.6a). No
samples within this lobe show evidence of significant phenocryst depletion, nor increased
segregation matenal. Either the sampling spacing was too wide to identify these features, or
their presence may depend on the relative viscosity (and temperature) of the lava, the distance
it has travelled from vent, and the consistency in phenocryst content of the supplied lava.

Enrichment of phenocrysts towards the base of the NVZ has previously been described
in terms of crystal settling (Rowland & Walker 1987, 1988). This possibly occurred in
KOR15B, although MgO appears to have been the only element affected by it. Again, to
confirm whether or not crystal settling has occurred within the inflated pahoehoe lobes more
samples are required (particularly in the NVZ’s). The thick aa flow (DER7B) has variable
phenocryst contents throughout the flow, and this can be attributed to the emplacement process,
involving variably mixed core material, and thus unevenly distributed phenocrysts.

(11) The margins of KOR15A are clearly enriched in opaque minerals compared with
the interior of the flow (Fig. 2.9a). This is reflected in the geochemistry as an ipcrease in Ni
and decrease in MgO (reflecting the relative depletion of olivine and pyroxene) at the flow
margins (Fig. 2.13a). In fact, a number of the pahoehoe lobes analysed demonstrate increased
opaque mineral contents at the margins, and a decrease in groundmass plagioclase (Fig. 2.9).
Similarly it appears that adjacent aa lava samples that have undergone different cooling histories
contain different propdrtions of minerals (Fig. 2.11), and have different compasitions (Fig.
2.13b). In particular, the fourth top sample and the sample at the base of the flow, both of
which contain entrained material, are enriched in opaques and depleted in plagioclzse compared
with adjacent samples (Fig. 2.11). Itis proposed here that the increased opaqgue content is due
to a delay in plagioclase nucleation, as a result of the high cooling riates expevienced by
marginal/entrained samples (eg. Gibb 1974). In fact, it has been documented that plagioclase
can reverse its order of appearance (with ilmenite for example) during crystallisation, because
of its reluctance to nucleate at very high cocling rates (Walker er al. 1978). This may explain
why there is a relative increase in groundmass plagioclase cortent into the interiors of the P-

type pahochoe lobes analysed, as the cooling rate of the lavx decreases inwards (Fig. 2.9).
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CONCLUSIONS

This study has involved characterising the vesiculation patterns, petrographic textural
zonations, and compositional variations through the interiors of basalt lava flows (in
particular, inflated P-type pahoehoe lobes and aa flows). Proximal and distal facies of
each type of lava were sampled, and alkalic and tholeiitic lavas were compared. General

trends have been identified which can be tested and refined with further work.

P-type pahochoe lobes were observed to consistently contain dense, non-vesicular
cores, and many contain segregation veins. In contrast, vesicles are dispersed
throughout aa lavas, and no segregation veins were obscrved. These features are
considered to be related to the differences in viscosity between the two lava types.
Vesicles (and any segregation material) are prevented from rising through more viscous

aa lava flows.

Petrographic textural zonations were found to be different in pahoehoe and aa flows.
Plagioclase grain-sizes consisternitly increase towards the centres of P-type pahoehoe
lobes, indicating slower cooling in the interiors than the margins. Aa flows demonstrate
consistently uniform plagioclase grain-sizes throughout all flows analysed; they are
always smaller than plagioclase grains in pahoehoe flows, but more numerous, thus
resulting in higher plagioclase number densities than pahoehoe flows. This is
considered to be aresult of the physical mixing process that occurs during emplacement
of aa flows, which enhances crystal nucleation rates throughout the flow, Importantly,
it appears that the interiors of aa flows may not cool slowly by conduction (cf. pahoehoe

flows).

Pahoehce and aa flows were found to be compositionally homogeneous, apart from
local anomalies. These anomalies have been attributed to locally variable phenocryst
contents, and/or differences in the cooling histories of adjacent samples. In order to
expand upon these results, a similar type of study could be pursued with closer sampling
spacing. The regularity of ‘anomalies’ through the flows could then be evaluated and

the different flow types compared.
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o The distinctive emplacement style of 2a lavas (and resulting surface morphology and

internal structure) can be attributed to the higher viscosity of these lavas compared
with pahoehoe lavas. The higher viscosity is due to the higher crystallinity of these
lavas, possibly due to a greater degree of undercooling prior to eruption. For aa lavas
that have changed from pahoehoe, the higher viscosity (and crystallinity) is related to
the degree of cooling that has occurred during emplacement. Once a threshold viscosity
has been reached, the lava will begin to autobrecciate and propagate as aa. This
threshold viscosity is not a unique value, but is related to the rate of shear strain of the
lava, which is influenced by the velocity of the lava flow (related to volumetric flow
rate, slope of the substrate, local topographic irregularities etc.). Once the lava begins
to propagate by autobrecciation it no longer cools by conduction, but is dominated by
a physical mixing process involving entrainment of clasts and cooler material into the

core of the flow.
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CHAPTER 3

THE ROCK MAGNETISM AND PALAEOMAGNETISM OF THE BASALTS OF THE
LATE CENOZOIC, INTRA-PLATE WERRIBEE PLAINS LAVA FLOW-FIELD,
NEWER VOLCANIC PROVINCE, VICTORIA

31 INTRODUCTION

Magnetostratigraphic studies involve organising strata systematically into identifiable
units based on stratigraphic variations in their magnetisation directions (se¢ Chapter 4). Only
a few studies have previously been done on the palacomagnetism and rock magnetism of
basalts from the Newer Volcanic Province (eg. Green & Irving 1958, Parry 1960, Mumme
1963, Hurren 1998), and this study is the first attempt to establish a magnetastratigraphy in
the NVP. Determining the magnetic polarity,or direction of magnetisation of the rocks, involves
isolating the magnetisation acquired during emplacement of the lavas, termed the yiimary
remanent magnetisation (remanence) from secondary remanent magnetisation. In this chapter
the background theory and representative results of the palacomagnetic studies for this project
are given. In some samples the primary remanent magnetisation was not identifi able because
these samples were found to be palacomagnetically unstable. The reasons why these samples
are unstable are explored here, with a view to identifying and discarding the results of any
other unreliable samples. Finally, variations in inclination results through individual lava
flows are briefly explored in order to assess how representative the results of one to two

samples per flow are of the direction of the magnetic field during lava emplacement.

3.1.1 Background theory
The Geomagnetic Field

Generation of the geomagnetic field occurs within the Earth’s fluid outer core, where
the magnetohydrodynamic features of convection cells, rotational shear, and flux trapping
serve te produce a self-excitirg dynamo (Butler 1992). The essential elements of this self-
exciting dynamo are: (i) a moving electrical conductor (Fe-Ni alloy in core), (i) an initial
magnetic field, (iii) reinforcement of the original magnetic field by interaction between the
magnetic field and the conductor, and (iv) energy supplied to overcome electrical resistivity
losses (Butier 1992). It is a positive feedback systerm: an electrical current is produced by the

initial magnetic field, which produces a magnetic moment, thus reinforcing it. The dominant
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Chapter 3: Palacomagnetism and rock magnetism

portion of the Earth’s geomagnetic field has the form of a dipole field, currently inclined at
~11° 1o the rotational axis. The time-averaged model used for the Earth’s magnetic field is a
geocentric axial dipole (GAD): 2 magnetic field produced by a single magnetic dipole at the
centre of the Earth and aligned with the rotation axis. In a GAD, where geographic and
magnetic poles coincide, the inclination of the field increases from -90° at the geographic/
magnetic south pole to +90° at the geographic/magnetic north pole. Lines of equal iniclination
should be parallel to lines of latitude and, for a GAD, the declination (angle from geographic
north to horizontal component) is 0° everywhere.

However, in the present geomagnetic field there are deviations from the simple GAD
model. For example, the geographic and magnetic poles do not coincide, nor are the magnetic
poles completely antipodal. Furthermore, the direction and magnitude of the geomagnetic
field change with time, partiaily attributed to fiuid eddy currents within the core near the
core-mantle boundary. Changes with periods between 1 and 10° years constitute geomagnetic
secular variation (Butler 1992). On longer time scales {(10* - 10% years (Butler 1992)), the
dipolar geé)magnetic field has been observed to switch polarity, ie. a 180° change in the
declination (bearing) of the geomagnetic ficld at all points, and a change in the sign of the
angle of inclination (magnetic dip). In the last 45 Myr the mean interval between reversals
has been ~0.4 Myr and the duration of a polarity switch event may be up to several thousand
years (Jacobs 1984). Secular variation and reversals of the geomagnetic field form the basis
of magnetostratigraphic studies, as volcanic rocks commonly retain a record of the Earth’s
magnetic field direction at the time of emplacement, and rocks with a similar record may be

correlated.

Ferromagnetism of fine parricles: single domain vs. multi-domain grains

Rocks contain assemblages of fine-grained ferromagnetic minerals dispersed within
a matrix of diamagnetic and paramagnetic minerals. Ferromagnetic minerals (eg.
titanomagnetite, titanohematite) are unique in that they are able to retain a magnetisation
from an applied magnetic field upon removal of the field. Palacomagnetic studies utilise this
record of the primary remanent magnetisation of rocks (ie. the direction of magnetisation of
the geomagnetic ficld at the time of emplacement). This discussion on ferromagnetism of
fine particles is largely taken from Butler (1992). Basically, ferromagnetic particles seek the
configuration of their magnetisation that ﬁinimises their total energy. Magretisation is most

easily achieved along certain crystallographic directions, called magnetocrystalline easy
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Chapter 3: Palaeomagnetism and rock magnetism

directions. If a grain is elongate however, magnetostrictive energy (shape anisotropy) will
dominate, so that the grain will magnetise along its long axis. When a rock is magnetised,
magnetic forces cause parallel or anti-parallel alignments of electron spin along the easy axes
of grains. The magnetostatic forces are increased because of the attraction of the poles of
individual grains to one another.

In order to minimise the total energy, formation of magnetic domains occurs within
some particles. This decreases magnetostatic energy because the percentage of the grain’s
surface covered by magnetic charges is reduced and charges of opposite signs are adjacent
rather than separated. Domains are separated by domain walls, which have both finite energy
and finite width. The rock acquires its overall magnetisation by the sum of all the individual
grain/domain orientations. Grains that contain several domains are referred to as multi-domain
(MD). With decreasing grain size, the number of domains are reduced vntil grains become
single domain (SD). The single-domain threshold grain size depends on a number of factors
including grain shape and saturation magnetisation (see below). It is important to be able to
differentiate between the different grain types when doing palacomagnetic work, as their
magnetic properties are very different. SD grains for example are more efficient carriers of
remanent magnetisation than MD grains. Pseudo-single domair (PSD) grains are intermediate
between SD and MD grains. They contain a small number of domains, can have substantial
magnetic moment, and are potentially important carriers of remanent magnetism.
Superparamagnetic grains (SPM) are fine-grained ferromagnetic minerals. Remanent
magnetisation in an assemblage of these grains is unstable; the remanence will decay to zero
very soon after removal of the magnetising field, hence SPM grains are unsuitable for
palaeomagnetic studies.

A hysteresis loop (the path of magnetisation as a function of the applied field) is
shown in Fig. 3.1 for a rock whose ferromagnetic population is dominated by SD grains.
Magnetisation of individual ferromagnetic particles (lower-case symbols) adds vectorially to
yield the net magnetisation for the sample (upper-case), which is the parameter measured in
the hysteresis experiment. Application of the initial magnetising field leads to net magnetisation
acquired parallel to the field along the path 0-1-2. As the field is applied, j, of each SD grain
begins to rotate toward the applied magnetic field. The sample reaches its saturation
magnetisation, J_once all the grains have j_aligned with the field, if the applied field is
increased to a sufficient leQel. The saturation magnetisation of a sample depends (nearly)

linearly on concentration of the ferromagnetic mineral. Reduction of the magnetising fieid
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Fig. 3.1a. Hysteresis loop for synthetic sample containing 5% by volume of dispersed elongate SD magnetite
particles. Note the significance of shape anisotropy of the elongate grains here (magnetostrictive energy),
rather than magnetocrystalline energy. The saturation magnetisation of the sample is J . the remanent
magnetisation of the sample is J , and the buik coercive force is H . b. Magnetisation direcri‘ons within SD
grains at poinr I on hysteresis loop. Stippled ovals are schematic representations of elongate SD magnetite
grains; arvows indicate directions of j, for each SD grain. H is the magnetising field, and note that J, of each
grain is rotating toward H. c. Magnetisation directions within SD grains at point 2 on hysteresis loop. Sample
is at saturation magnetisation J , and note that J. of every prain is aligned with H. d. Magnetisation directions
within §D grains at poini 3 on hysteresis loop. The magnetising field has been removed, and sample magnetisation
is remanent magnetisation J . Note that J.of each grain has rotated back 1o the long axis closest to the saturating
magnetic field, which was dirccied toward the right. e. Magnetisation directions within SD grains af point 4 on
hysteresis loop. The sample has magnetisation J = 0. Note that J. of every grain has been slightly rotated

toward the magnetising field H (now directed toward the left). After Butler (1992).
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causes J to decrease along the path 2-3. After removal of the magnetising field, a remanent
magnetisation J_remains. To force J back to zero, a magnetic field must be applied in the
opposite direction to the original field. J decreases along the path 3-4, and the magnetic field
required to drive J to zero is the bulk coercive force, H . H, depends on energy balances
within the individual SD grains, #_and not on the concentration of the ferromagnetic mineral.
The hysteresis loop is completed by driving the sample to saturation in the negative direction,
then cycling back to saturation in the positive direction.

Application of a magnetic field to a MD grain produces preferential growth of domains
with magnetisation parallel to the field. If the applied field is sufficiently strong, domain
walls are destroyed, and magnetisation reaches saturation. On removal of the magnetising
field, domains reform and move back toward their original positions. Due to lattice
imperfections and internal strains domain walls settle in energy minima near their initial
positions, and a small remanent magnetisation results. Coercive forces of MD grains are low
however, as only a small magnetic field is required to drive the domain walls back to the zero
moment positions. Furthermore, magnetisation of MD particles tends to decay with time,

thus explaining why they are less effective recorders of paiacomagnetism than SD grains.

Demagnetisation techniques

The remanent magnetisation present in a volcanic rock sample prior to laboratory
treatment is typically composed of primary and secondary remanence components. The most
thermodynamically stable component in a sample is termed the ‘characteristic remanence’.
Generally, this will be the primary remanence. Recognition and erasure of the secondary
remanence by partial demagnetisation techniques is the major goal of palacomagnetic
faboratory work. Secondary remanence can result from chemical changes affecting the
ferromagnetic minerais (eg. Verhoogen 1962), subsequent heating and cooling (partial
thermoremanence, pTRM), long-term exposure to the geomagnetic field subsequent to rock
formation (viscous remanence, VRM) or lightning strikes (Butler 1992). Three basic forms
of primary remanence are thermoremanence, chemical remanence and detrital remanence.
Basalts retain a thermoremanent magnetisation, which is produced by cooling from above
the magnetic blocking temperature in the presence of a magnetic field. At surface tempezatures
this may be stable over geologic time. Two partial demagnetisation techniques have been

developed to isolate the primary remanence: thermal demagnetisation and alternating-field

{AF) demagnetisation.
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The procedure for step-wise thermal demagnetisation involves heating a specimen to

an elevated temperature (7, ) below the blocking temperature of the constituent

demag
ferromagnetic minerals, then cooling to room temperature in zero magnetic field. The blocking
temperature (T), which is characteristic of the particular ferromagnetic mineral is the
temperature beyond which the grains become paramagnetic in nature, and do not retain a
remanent magnetisation (Butler 1992). In general, grains which carry a viscous remanence
also tend to have low T,. As a sample is heated, the magnetisation of all grains for which T,
<T femag is randomised. The effect of a viscous remanence can therefore be randomised, and
the primary remanence isolated. The Curie temperature of a mineral is higher than its blocking
temperature, and grains behave superparamagnetically between these two temperatures (ie.
do not retain a stable remanence). AF demagnetisation techniques involve exposing a specimen
to an alternating magnetic field. The waveform of the alternating magnetic field is a sinusoid
with linear decrease in magnitude with time. By constantly switching the direction of the
applied magnetic field, the magnetisation of grains with k_< H , _ (the maximum amplitude of
the applied magnetic field) tend to cancel each other'out, as they point in opposite directions
{Butler 1992). The secondary remanence is predoininantly carried by grains which have lower
h_values than the primary remanent component, thus allowing isolation of the primary

remanence.

32 METHODS

Samples were collected from diamond drill core from the Werribee Plains (Fig. 3.2).
Two to three samples were taken from every flow unit identified for the demagnetisation
experiments (180 samples, Fig. 3.3). Rock that exhibited the least effects of oxidation and/or
alteration was preferentially sampled, commonly near flow margins. Material with fractures,
cracks, and large vesicles were avoided. Moderately long segments of core (> 30 cm) were
preferentially sampled, and it was checked that the core fitted snugly with the surrounding
pieces (ie. the orientation was correct). Approximately 10 ¢cm long haif-core samples were
taken, and a line was drawn down the central axis of each sample. The central axis of the core
represents the way down (the z axis), as the drill holes are vertical. The half-core segments
were press-drilled to produce 2.5 cm diameter cylinders (2.1 cm long). Orientation markings
and sample numbers were added with heat-proof paint for samples undergoing thermal
demagnetisation.

Both thermal and AF demagnetisation are step-wise techniques, and have common
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features. After calibrating a Molspin “Minispin” spinner magnetometer with a sample of
known magnetic moment, the natural remanent magnetisation (NRM) or undemagnetised
remanence of each sample in a batch (~15 samples) was measured (eg. Piper 1987). Samples
were then demagnetised, the demagnetised remanence was measured, the demagnetisation
siep increased, the samples remeasured, and so on. Thermal demagnetisation involved heating
the samples in a MMTD (Magnetic Measurements Thermal Demagnetiser) shielded furnace
to progressively higher temperatures, holding them for 25 minutes at each heating stage,
before cooling to room temperature (and analysing) in magnetic field-free space. The
increments of heating were 50°C steps beginning at 100°C, up to 500°C. Between 500°C and
600°C the increments of heating were reduced to 25°C. The dominant carrier of remanent
magnetism in basalts is generally found to be titanomagnetite (Petersen 1976, Herzog et al.
1988), with a Curie temperature of around 580°C (Butler 1092). For this reason the maximum
temperature the samples were heated to was 600°C. The magnetic susceptibility of each sample
within a batch was measured with a Bartington MS2 system after the remanence measurement
in each demagnetisation step, prior to the next stage of heating. This machine operates at iwo
frequencies: high (4.6 kHz) and low frequency (0.46 kHz). At the NRM stage, both high and
low frequency measurements were taken, and thereafter only low frequency measurements.
Each sample was demagnetised separately when doing AF demagnetisation. Demagnetisation
was conducted in a Molspin AF demagnetiser, where the sample was exposed to an alternating
magnetic field, which decreased in magnitude with time. The first field applied was 5 mT,
and then the sample was subsequently subjected to higher alternating magnetic fields at 5 mT
intervals up to 60 mT. The magnetic susceptibility of each sample was measured at the NRM
stage only (both high and low frequency measurements).

Twenty samples were carefully selected for rock magnetic study, in order 1o determine
the dominant ferromagnetic grain type (SD, PSD, MD or SPM), and hence to assess how
confidently the primary remanence could be identified. The primary remanence was confidently
identified in ten samples, and ten were significantly overprinted by a secondary remanence.
Samples for hysteresis and isothermal remanence studies were prepared by being crushed to
a coarse sand size. A split of the crushed sample (~0.3 g) was put into small (1 cm®) syringes.
Hysteresis loops and coercivity of remanence (H_) were measured with a Molspin NUVO
vibrating sample magnetometer. In hysteresis, the specimen was subjected to an applied field
produced by a dipolar eleciromagnet. The specimen was vibrated, the net magnetisation of

the specimen (remanence and induction) produced an oscillating magnetic field, which
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Fig. 3.2 The distribution of diamond drill holes in relation 10 the eruption cemtres exposed in the Werribee

Plains. Samples for palacomagnetic studies were collected from almost every flow unit identified (Fig. 3.3).

produced an alternating current in a detector coil. The applied field was initially set at 1000
mT (exceeding saturation for magnetite), and the magnetisation measured, The applied field
was then reduced incrementally until it reached zero, with the resulting magnetisation measured
at each step. The applied field was then increased stepwise in the opposite direction, uatil it
reached 1000 mT, decreased again to zero, and increased from zero to 1000 mT in steps in the
original direction (magnetisation again was measured at each step). H_ was determined by
imparting a saturation remanence at 1000 mT. The applied field was then switched off, and
the remanence measured i the absence of induction. The potarity of the applied field was
reversed, anc the sample was subjected to 4 progressively stronger applied field, beginning at
10 mT (the practical minimum limit of the vibrating sarmple magnetometer). Afier each step
the applied field was again switched off, and the remanence measured. H__is defined by the

interpolated value of the applied field at which the remanence becomes zero.
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33 RESULTS
3.3.1 Thermal demagnetisation

Analysis of demagnetisation data was aided by the use of Zijderveld and Equal Area
plots. Zijderveld plots are vector component diagrams that display the progressive changes in
both direction and magnitude of remanence (Zijderveld 1967). The base of the remanence
vector at each demagnetisation step is placed at the origin of a Cartesian coordinate system,
and the tip of the vector is projected onto orthogonal horizontal and vertical planes. These are
shown as superimposed plots sharing a common axis, either the North-South or East-West
axis, as appropriate. The distance of each data point from the origin is proportional to the
intensity of the remanence vector projected onto that plane. Ideally, if the remanence consists
of two components, two linear sets of data points will be plotted. The wrajectory of the set of
demagnetisation steps representing the primary remanence component projects toward the
origin (Butler 1992). This is important to observe, as it indicates that a single vector with
constant direction is being removed, and that the low stability remanence component has
successfully been removed. Principal component analysis was used to determine the direction
of the line of best fit through the data points of interest (eg. Kirschvink 1980). The origin was
used as a separate data point, along with the points selected and considered to represent a
single magnetic component projecting towards the origin (Figs. 3.4 & 3.5). The software
“PaleoMag” automatically calculated the direction of the line of best fit for the selected points,
as well as a maximum angular deviation to provide a quantitative measure of the precision.
Equal Area plots are spherical projections, produced by projecting onto a hemisphere the tips
of the vectors of magnetisation removed at each demagnetisation interval. If two components
of magnetisation are present in a sample, two discrete clusters of points would be expected (if
their stability spectra are distinct).

The primary remanent magnetisation was identified in the majority of samples,
commonly in the demagnetisation steps from ~525-600°C (Appendix D). This confirms that
the dominant carrier of the remanent magnetisation is titanomagnetite with a Curie temperature
of :around 580°C. These data points form a straight line on the Zijderveld plot, passing through
the origin. Based upon the Zijderveld plots, samples can be subdivided into three main groups:
(1) those which have not been significantly overprinted, and the primary remanence is clearly
identifiabie, (2} those which have been overprinted, yet the primary remanence is identifiable,
and (3) those which have been overprintéd and the primary remanence is not identifiable

(Appendix D). The majority of samples fall into group (1) (Fig. 3.4a). Equal Area plots for
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group (1) samples consist of a single cluster of points, indicating a constant orientation of
magnetisation throughout the demagnetisation process (Fig. 3.4b). A Zijderveld plot
characteristic for group (2) samples, in which two distinct magnetic components have been
identified, is shown in Fig. 3.4c. Secondary overprints may be partial thermal remanent
magnetisation, produced by reheating the rock to a temperature below the blockihg temperature
of the constituent ferromagnetic minerals (section 3.1.1). This may occur by thermal conduction
from an overlying lava flow that was emplaced at a later time. Alternatively, the overprint
may be viscous in origin, acquired subseguent to emplacement by prolonged exposure to the
geomagnetic field. A VRM will always be normal polarity, so if an overprint has positive
inclination it is probably a partial thermal remanent magnetisation (Fig. 3 4c). For the purpose
of this study it was not vital to distinguish between the two; it was more important that they
were identified and removed, regardless of crigin. It was not always possible to identify the
primary remanence, and in these cases (group (3)) both the Zijderveld and Equal Area plots
were found to be irregular (Fig. 3.5a & b). The magnetisation in these samples was too weak
at the higher demagnetisation levels, and a linear progression was not identified. The secondary
remanence component was considered to be dominant, and these samples were disregarded

from the magnetostratigraphic studies, although the polarity of each was recorded.

33.2 AF demagnetisation
Zijderveld and Equal Area plots were also used to present the results of AF

demagnetisation experiments. Instead of the data points representing heating stages, they
represent increments of the applied magnetic field. Results are not dissimilar to those obtained
using the thermal method, but more magnetisation was generally removed at the lower
demagnetisation intervals with the AF technique (Fig. 3.5¢). This meant that it was more
difficult to identify the primary remanence in some instances, as the magnetic response was
relatively weak. The primary remanence component was generally removed and identified in
the interval 35-60 mT (ie. over six demagnetisation intervals compared with four in the thermal
demagnetisation experiments.) It is difficult to make sound comparisons between the two

techniques, as few AF experiments were performed.

3.33 Rock magnetic studies
Rock magnetic studies involved running hysteresis loops and doing Isothermal

Remanence (IRM) tests on selected samples once the majority of samples had been

o




Fig. 3.4 Representative Zijderveld plots and equal area stereographic plots for a. & b. group (1) and ¢. & d.
group (2) samples. Zijderveld plots: greyed squares are projection on the N-S vertical plane, solid black squares
are projection on a horizontal plane, north to the right. Stereographic plots: greyed squares are projection on
upper hemisphere; solid black squares are projection on lower hemisphere, All plois are shown as geographic
cogrdinates, and each division on the Zijderveld plots is a. 10~ emu ond c. 107 emu. a. & b. Sample PYW7-17
has not been substantially overprinted, as only one component of magnetisation deminates. The inclination
was calculated as —57.9°. ¢. & d. Two components of magnetisation are identified in sample BM22-5, The
secondary overprinting component is reversed polarity, while the inclination of the primary remanent

magnetisation is -60.1". This is not particularly uncommon.
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Fig. 3.5 Representative Zijderveld plots and equal area plois for a. & b. group (3)and c. & d. AF demagunetised
samples. Refer 1o Fig. 3.4 for explanation of svmbols un Zijderveld and stereographic plots. Each division ox
the Zijderveld plots is a.]0” emu and ¢. 10° emu. a.& b. The primary remanent magnetisation was not able to
be identified for sample MB31-4. Note the large proportion of demagnetisation that occurred at the lower
temperaares. Also note the irregular path of demagnetisation, as shown on the equal area projection.¢. & d.
The primary remanence is identified over the interval 40-60 mT for sampl: PYW7-32, as a linear projection

foward the origin (-61.7°).
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34 DISCUSSION
Identifying palaeomagnetically unstabie samples

The resulis of the demagnetisation experiments have been subdivided into three groups
based upon Zijderveld and Equal Area plot interpretations (section 3.3.1). Group (3) samples
(16 in total) do not have an identifiable primary remanent magnetisation. One aim of this
discussion is to investigate why these samples have not retained an identifiable primary
remanence, and to identify additional samples with unreliable results. The group (3) samples
may have been significantly overprinted by a subseguent chemical remanent (eg. oxidation),
thermoremanent (pTRM), viscous remanent (VRM), and/or isothermal remanent (lightning
strikes) magnetisation. A VRM is likely to affect the very fine-grained population (on the
threshold between superparamagnetic and SD), and the coarser grained MD grains.

It is possible to quantify to some extent the degree a sample has been magnetically
overprinted by calculating the Konigsberger ratio, @ (equations 3.1-3.4). This gives an
indication of the relative proportion of induced and remanent magnetisation present in a
sample (Dunlop & Ozdemir 1997).

Q=J/], 3.1

where J_ is the remanent magnetisation and J, is the induced magnetisation in a field of
50,000 nT.

Jl =kH;B=%H 3.2, 3.3
where k is the susceptibility (Appendix F), H is the magnetic field strength, B is magnetic

induction, and 1, is the permeability of free space (4.107 Hm™). Combining these equations,

we find that;

Q

T I
Tk :;H-[lolj:[ ]] 107

where J_ ., is the remanent magnetisation measured prior to demagnetisation. For high values
of Q (greater than 1) the magnetisation in a sample is dominated by the primary remanent

magnetisation, and the sample is considered to be stable and a good recorder of the ancient
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magnetic field (Jacobs 1987). For example, Q values for SD magnetite are usually more than
10 (Dunlop & Ozdemir 1997). Rocks with low Q values (less than 1) have weak remanent
magnetisations relative to their induction, and are dominated by induced magnetisation. The
mean value of Q calculated for all the palaeomagnetic samples in this study was 10.7 + 1.7
(Appendix G). Thus, in general, the samples have retained a strong remanent magnetisation.
Samples with Q values less than 2 are considered to have unreliable inclination values for
this study, as the primary remanence is either unidentifiable, or very weak and inconsistent.
Ten of the group (3) samples (~2/3) were found to nave Q values less than 2. Four additional
samples (TRUS0-13, KOR15-22, PYW7-27 & PYW7-31) were found to have Q values less
than 2, even though a weak primary remanent magnetisation was jdentified in each of these
samples. The inclination values of these samples have been discarded from the
magnetostratigraphic studies as the magnetisation was considered to be too weak to be reliable.
The samples that have been discarded (group (3) and/or Q less than 2) are palacomagnetically
unstable. They are considered to have either a significant proportion of (a) very fine-grained
minerals at the superparamagnetic (SPM)-SD grain threshold, or (b) MD grains (section 3.1.1).

(a) Fine-grained magnetite may occur at the SPM-SD grain threshold, and these grains
retain a remanence upon removal of a magnetising field, however the remanence quickly
decays to zero. Based upon the rock magnetic study, a number of samples potentially may
contain SPM-SD threshold grains (Fig. 3.7). On the Day plot some samples occur close to the
boundary between PSD and SPM, and on the Bradshaw & Thompson plot three samples
occur in or near the SPM grain field. An independent test was carried out on all samples to
identify the samples that are dominated by SPM-SD threshold grains. It has been consistently
observed that there is a lass in susceptibility in SPM-SD threshold dominated samples when
measured at high frequency as compared to low freguency on the Bartington MS2 susceptibility
meter (Maher 1988, section 3.2). At the higher frequency some of the ultra-fine SPM grains
(in the size range near the SPM-SD boundary) ‘block in’, thus no longer contributing as SPM
but as SD grains (Stephenson 1971). This results in the values of high frequency susceptibility
to be proportionally lower than low frequency values. The difference between the two can be

expressed as a percentage loss in susceptibility according to:
(LF-HF)/LF x 100 35

where LF is the low frequency susceptibility and HF is the high frequency susceptibility.
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Equation 3.5 was calculzted for all samples (Appendix G). In general, where the value yielded
exceeds 5%, the sample is considered to be dominated by SPM-SD grains (eg. Ozdemir &
Banerjee 1982, Dearing er al. 1985). Only three samples were found to have values marginally
over 5% (KOR14-4, KOR15-15 and TRU50-3). For each of these samples Q was more than
2 and a primary remanent magnetisation was considered to have been identified. The inclination
values for these samples were retained for the magnetostratigraphic studies. No group (3)
sarples had values calculated to be more than 5%, hence no samples in this study are
considered to be dominated by SPM-SD threshold grains.

(b) A sample may have a significant proportion of MD magnetite grains either because
the SD and PSD grains have been oxidised subsequent to emplacement leaving predominantly
MD grains (eg. Verhoogen 1962), or the grains were originally large (eg. flow centre). High
and/or low temperature oxidation of ferromagnetic grains subsequent to emplacement changes
their magnetic i:aroperties (eg.Verhougen 1962). The majority of samples that have been
discarded with Q values less than 2, and/or are in group (3) occur at or near the base of the
basaltic sequence. It is considered that they experienced high levels of groundwater interaction,
due to their close proximity to the more porous underlying sediments and, more particularly,
due to their location adjacent to the contact which is considered to have been a permeability
boundary and zone of preferential fluid flow. Samples that were taken from the centres of
flows (in the first sample batch) generally yielded very weak to non-identifiable remanent
magnetisations, probably because the ferromagnetic grains are larger in the centres of flows
(slower cooling) and multi-domain. MD grains are less effective recorders of palaecomagnetism
than SD grains (section 3.1.1). The centres were avoided for sampling thereafter where possible.

The Bradshaw & Thompson plot appears to be more useful than the Day plot for
identifying samples dominated by MD grains in this study. All samples that underwent rock
magnetic studies plotted in the PSD grain field, or between the PSD and SD fields on the Day
plot, suggesting they all have properties favourable for retaining a remanent magnetisation.
However, a primary remanence could not be identified in five of the samples (group (3)). In
contrast, only one sample occurs in the PSD field on the Bradshaw & Thompson plot. Most
appear to be transitional between PSD and MD, with high values of saturation remanent
magnetisation normalised for susceptibility (J,_/K), but low coercivity of remanernice values
(H_). A similar, although more marked phenomenon, was observed in samples from the Older
Volcanics of Victoria (Sawyer 2001) and interpreted to be due to pinning of domain walls in

MD grains. When a MD grain has imperfections in the lattice (eg. exsolution lamellae) these
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imperfections may prevent the migration of domain walls. This leads to a deviation from
classic MD grain behaviour, and results in the persistence of an overprinting remanence to
higher demagnetisation temperatures than anticipated. The temperatures required to isolate
and remove this remanence are more like those required to remove the primary remanence,
therefore making it impossible to isolate the inclination of the primary remanence. Hence,
samples dominated by MD grains with pinned domain walls may have high Q values, will
have high values of saturation remanent mnagnetisation normalised for susceptibility (and
therefore piot in the PSD grain fieid on the Day plot), but will not have an identifiable primary
remanence. A diagonal line has been drawn on the Bradshaw & Thompson plot, based upon
observations, beneath which the (viscous) overprint is considered to have been too large for
the primary remanence to have been identified (Sawyer 2001). These samples have been
discarded from the magnetostratigraphic studies.

A final cause of overprinting of primary TRM is lightning. Lightning strikes may
penetrate up to several metres below the surface as well as horizontally through the sequence
(N. Opdyke pers. comm.). They result in a complete overprinting of the primary remanent
magnetisation. When this occurs the rock has a characteristically high remanent magnetisation
intensity (an order of magnitude higher than adjacent samples) and a complex demagnetisation
path. None of the samples from group (3) are considered to have been struck by lightning,
however two other samples (PYW7-3 & PYW7-4) might possibly have been. Sample number
PYW7-4,in particular has a very high remanence intensity and an anomalously high Q value.
Although the Zijderveld plots do not demonstrate particularly complex demagnetisation paths,
the inclination values for the two samples are very low and variable (21,5° & -8.5°). For these
reasons they are not considered to be primary remanent magnetisations. These samples have

been discarded from the magnetostratigraphic studies.

Variations in inclination values through discrete flows
Three flows (two from TRUS50 and one from KOR16) had more than three samples
taken with identifiable primary remanent magnetisations (Fig. 3.3, Appendix D). The standard

error in the mean inclination value for each flow ranged from 0.2 to 2.6°. These relatively

" small errors are similar to other studies that have looked at variations in magnetic properties

and remanent magnetisations through lava flows (eg. Petersen 1976, Herzog et al. 1988).

Variations in inclination within most of the flows analysed in these studies were considered

to be “small and statistical” (Herzog et al. 1988). The small variations in inclination values
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within a flow in this study are considered to be due to a combination of any or all of the
following potential errors: deviations from vertical drilling of the diamond drill holes,
inaccuracies occurring during sub-sampling (eg. drill core not cut exactly in half, non-

perpendicular press drilling etc.), and random analytical errors.

35 CONCLUSIONS

* Almost every flow unit identified in diamond drill core was sampled for palacomagnetic
studies (180 samples). All samples were demagnetised, and the primary remanent
magnetisation (the inclination of the geomagnetic field during emplacement of the
lavas) was identified in most samples. It was not possible to identify the primary
remanence in some samples (24 in total), and these were discarded from the

magnetostratigraphic studies.

» The samples discarded are considered to have been significantly overprinted subsequent
to erhplaccment, either by a partial thermoremanent, chemical remanent, viscous, or
isothermal remanent magnetisation. These samples were found to be dominated by
MD grains with pinned domain walls. The secondary overprinting magnetisation thus

persisted to high demagnetisation levels, preventing isolation of the primary remanence.

¢ It is considered that the primary remanent magnetisation of two samples per flow is
representative of the inclination of the magnetic ficld during emplacement of that

lava flow.
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CHAPTER 4

THE STRATIGRAPHY , FACIES ARCHITECTURE AND ERUPTION FREQUENCY
IN THE LATE CENOZOIC, INTRA-PLATE BASALTIC WERRIBEE PLAINS,
NEWER VOLCANIC PROVINCE, VICTORIA

4.1 INTRODUCTION

In basaltic terrains stratigraphic studies have largely been confined to Continental
Flood Basalt provinces (eg. Swanson ef al. 1975, Swaﬁson et al. 1979, Camp et al. 1982,
Hooper 1982, Bailey 1989, Landon & Long 1989, Reidel et al. 1989, Wells ef al. 1989, Ho et
al. 1996, Self er al. 1996, 1997, Thordarson & Self 1998, Marsh et al. 2001). Lava flows have
been shown to be correlatable over hundreds of kilometres, based upon geochemistry and
magnetostratigraphic studies. Less common have been stratigraphic studies in smaller,
monogenetic basaltic volcanic fields (eg. Greeley 1982a, b, Tanaka et al. 1986, Bohnel et al.
1987, Condit et al. 1989, Kuntz et al. 1992, Miiller-Sohnius 1993, Condit & Connor 1996,
Reed eral. 1997). In the Newer Volcanic Province, for example we have liitle idea about the
frequency and volume of eruptions, the distribution of products (pyroclastic vs. effusive), the
lava flow types (pahochoe vs. aa) and their dimensions, and even the thickness of the basaltic
pile is poorly constrained. We know little about the repose periods between eruptions: was
sedimentation widespread, and to what extent were the volcanic products eroded and
redeposited? What did the NVP (and more particularly the Weriibee Plains) look like prior to
the commencement of volcanism, and what effect did the palaeotopography have on the
distribution of volcanic products? Some of these issues will begin to be addressed in this
chapter, as a stratigraphy of the Werribee Plains, NVP is established. They will be expanded
on in Chapter 5, and the NVP will be compared with other basaltic provinces, with the intention
of better characterising plains-basalt volcanism.

The volcanic products of the Newer Volcanic Province have previously been subdivided
into two major groupings, based upon geomorphology and composition (eg. Price et al. 1988).

The lava plains are considered to be dominantly tholeiitic or chemically transitional, and the

constructional volcanic features (scoria cones, maars, tuff rings, and lava shields) are

dominantly alkalic. The constructional volcanic features are considered to be younger than
most of the lava flows covering the western plains (Price et al. 1988). For this reason it has

been assumed that there has been a broad change in the composition of the magmas producing
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the Newer Volcanic Proviace with time, from predominantly tholeiitic to more alkalic. Previous
stratigraphic studies of the Werribee Plains in particular, have been restricted to sampling and
mapping the limited surface outcrops (eg. Condon 1951, Mitchell 1990, Price et al. 1997).
Condon (1951) identified two main phases of volcanic activity in the Plains: earlier volcanism
through fissure eruptions producing sheet flows, and later activity producing ‘tongue-flows’
from central vents. Through the development and application of radiometric dating technigues
it has been shown that the Werribee Plains evolved through more than two phases of volcanism
(McDougall et al. 1966, Aziz-Ur-Rahman & McDougall 1972, Price er al. 1997). By combining
the K-Ar ages with Sr isotopic data and other information, Price er al. (1997) were able to
identify six domains within the Werribee Plains, each considered to consist of single flows or
related groups of flows from discrete volcanic centres (ie. eruption packages). This study was
done over the whole of the Western Plains sub-province of the NVP, hence details such as
identifying eruption centres within the domains was not investigated. Mitchell (1990) did a
more focussed study of the geology of the Werribee Plains, including much of this geochemical
data. Mitchell did field mapping, detailed petrological studies and additional whole rock
geochemical analyses at most of the eruption centres to characterise the products of each.
Due to lack of outcrop however, many inferences were made, and she was unable to constrain
features such as the types and dimensions of lava flows produced by the various centres.

In this study it is possible to look at the basaltic sequence sub-surface, as continuous
core from a number of diamond drill holes that penetrate through the whole basalt pile are
available. The characteristics and distribution of volcanic and sedimentary facies are
investigated, to better understand the interplay between volcanism and sedimentation, and
the palacogeography of the Werribee Plains. The extent to which the identified eruption
packages can be correlated between drill holes to produce a magnetostratigraphy wilj be
investigated, by combining a number of data sets. For example, airborne geophysical images
and geochemical data from surface samples will be analysed to investigate the extent of lava
flows from the exposed eruption centres, and thus to aid in making these sub-surface
correlations. Our present understanding of geochemically distinct lava plains and constructional
features in the NVP will be assessed, and the stratigraphy established will provide an ideal
framework for further studies investigating broad changes in magma chemistry with time.
Once a magnetostratigraphy has been produced, a minimum eruption frequency can be

calculated for the Werribee Plains, based upon the age constraints identified.
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4.2 METHODS

Volcanic and sedimentary facies were identified, characterised, and their distribution
documented through fieldwork, logging diamond drill core, interpreting geophysical well
logs, and petrographic studies. Fieldwork was limited to areas with exposed outcrop, which
included the eruption centres, road cuttings, river banks and quarries. Core was logged from
nine diamond drill holes that have the contact with the underlying Red Bluff Sands preserved
(up to 110 m long). as well as four shorter holes through the top part of the basalt sequence.
In addition to logging the distribution of volcanic and sedimentary facies, flow unit and
eruption package boundaries were identified where possible. Digital data was supplied for
>35 geophysical wells in the We.ribee Plains by Wiltshire Geological Services, and the
corresponding diamond drill core is preserved for two of these wells. The physical properties
measured in the well Jogs are the resistivity, bulk density and radiometric (gamma ray) response
of the rock. The range of characteristic values of these parameters for the differeat lithologies
(ie. basalt, sediments and paleoscils) was identified in the holes that contained both well logs
and diamond drill core, so allowing geophysical well log facies to be calibrated against actual
rock intervals. These results were applied to all holes containing only well logs. The contact
with the underlying Red Bluff Sands was identified in each well log and the local thickness of
the volcanic sequence (including inter-flow sediments) determined. Combining this with the
diamond drill hole data, the general shape of the palaeotopography of the Werribee Plains
prior to volcanism was deduced (taking into account the present topography).

The primary remanent magnetisation of each lava flow identified in drill core was
determined by step-wise thermal demagnetisation at Latrobe University. As the core was
only vertically oriented, only the inclination of the primary remanence was determined. Two
to three samples per flow unit identified in drill core were analysed. For more details about
the palacomagnetic methods see Chapter 3. Samples were collected from eruption points and
selected lavas from drill core and fieldwork for bulk rock X-ray fluorescence spectroscopy
(XRF analysis). Samples were analysed for majur element concentrations on fused glass
disks at the University of New South Wales (see Appendix A for methods). Data previously
collected from a number of the eruption centres and surrounds (Mitchell 1990), and from
grab sampling a grid of ~5 km? spacing over the Plains (Price ef al. 1997, Gray unpubl. data)
was also available. These samples were analysed at Latrobe University by XRF on fused
glass disks (for major eleménts) and pressed powder pellets (for trace elements). Precision

for major elements is better than + 0.5%.
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One sample from drill core was chosen for **Ar/*°Ar dating, for reasons discussed in

section 4.12. This sample (~10 cm long piece of ~3 cm diameter half core) was crushed and 3 g § £ ] %
H H < = g ace
the feldspar phenocrysts were separated out by magnetic and heavy liquid separation %E 3 g 23 %% 8 §§§
: : . : §__F 28§58
techniques. The feldspar was extracted in the 2.58 micron fraction using TBE (tetra- S85Eg E E g § %gf 2EB
UERS B Emﬁaﬁgﬁgﬁ
bromoethane) adjusted with acetone at Monash University. The sample was run through a 4 Wweo %g =] s{ujpta
. . . . . = F .
Franz magnetic separator several times to improve the concentrate purity. Approximately ~ 3

10% of the remaining material was calcite from amygdales and veins within the basalt. The

calcite grains were characteristically white, opaque grains, and the plagioclase grains were

colourless and transparent. This was confirmed by using the electron microprobe at Melbourne
University on representative grains of the two types. The calcite grains were dissoived in 0.1
M nitric acid. Composite grains (feldspar phenocrysts with other minerals still attached), and
feldspar phenocrysts with large glassy inclusions were separated from the sample by hand,
yielding ~500 mg of pure feldspar grains. This sample will be irradiated in position 5C of the
Macmaster reactor in Canada and then analysed using facilities in the Noble Gas Laboratory,

School of Earth Sciences. the University of Melbourne.,

43 PHYSIOGRAPHY OF THE WERRIBEE PLAINS
The Werribee Plains are bordered to the north and west by the Palaeozoic highlands

(Fig. 1.2). In the west the contact is marked by the Rowsley Fault, and there is a corresponding

sharp change in topographic relief. with the uplifted highiands sitting significantly higher
than the Plains, In the north the change in topography is more subtle. and the Plains gently L
rise away from the coast in the south-east (Fig. 4.1). The Palacozoic granitic You Yangs are
exposed in the south-west of the Plains, around which the basaltic lavas torming the lains

have been diverted. The eastern boundary of the Werribee Plains is the Maribyrnong River,

=

and the map in Fig.4.1 does not extend beyond this. The Werribee River flows south through
the centre of the field area. and has down-cut into the basaltic lava pile, exposing up to 10 m
of lavas locally. The smailer creeks and rivers throughout the Plains have not incised deeply

enough to expose any outcrop. An alluvial fan from the Werribee River has locally buried

THE HIGHLANDS

some of the volcanic products.

Fig.4.1 (Facing page) The major physiographic features of the Werribee Plains. Eruption centres are gencrally
Pa o PRYEIOLRTA]. d I £ A

PHYSIOGRAPHY OF
THE WERRIBEE PLAINS

small topographic featvres distributed throughout the Plains, which gemtly slope towards the coast in the south-

ecast. The distribugion of diamond drill holes, geophysical wells, and qitarries are shown, as well as Cobbledicks
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Ford (CDF). The location of the novihern part of the available airborne geophysical images is given as a light

grev box, and the lines for cross-sections A-A' and B-B' (Figs. 404 & 4.16) are shown,
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Twelve eruption centres have previously been recognised in the Wemribee Plains (Table
4.1; Ollier & Joyce 1964, Mitchell 1990). The eruption centres are typically relatively small
volume scoria cones and lava shields that have been extensively weathered and vegetated
(eg. Fig. 4.2). The heights and exposed lateral dimensions of the individual centres were
determined from topographic maps, based upon their extent as topographically raised features
above the surrounding plains (Fig. 4.1). The average slopes of their exposed flanks was
calculated (Table 4.1). In general the only outcrop preserved at each of these topographic
highs consists of spatter, variably agglutinated and locally producing clastogenic lavas (see
Chapter 5 for a fuller discussion on the eruption centres). The extent of the lavas fed by each
centre cannot be determined by conventional mapping techniques, due to a lack of outcrop.
In all but one of the outcrop localities of this study, pahoehoe sheet flows are exposed (section
4.6.2), and it is impossible in outcrop to distinguish which eruption centre they were fed
from. Rarely do the products have distinctive phenocryst assemblages to aid in distinguishing

between them, as has previously been noted (Price er al. 1997).

Table 4.1 Characteristics of the major eruption centres in the Werribee Plains, their exposed dimensions and
morphologies. Grid references are for the Bacchus Marsh (BM) and Melbourne (ME) 1: 100 000 map sheets.

Eruption Grid Height (m) | Diameter: |Average slope| Classification
centre reference E-W x N-§ | of volcano's
(km) flanks (°)

The Anakies BMS597032 120 (W) 12x10 60 Three scoria cones

BM610x)22 100 (M) I.txti.t 50 (West, Middle and

BM623009 80 (E) 09x10 50 East)
Mt Atkinson ME959185 60 45x4.5 10 Low shield
Bald Hill BM730158 80 30x30 15 Low shield
Black Hilt MES48095 15 1.5x15 0.5 Low shield
Mt Cottrell ME905177 100 75x 180 05 Low shieid
Greek Hill ME925125 30 10x10 20 Scoria cone
Green Hill MEg30135 60 20x15 20 Low shield
Mt Kororoit ME936298 90 20x 15 30 Scoria cone
One Tree Hill BM788104 25 35x30 0.5 Low shield
Ryan's Hill ME982308 40 10x 1.0 25 Scoria cone
Spring Hill BM778162 90 125 x 120 05 Low shield
Srony Hill MES91285 60 435x45 1.0 Low shield|
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Fig. 4.2 Photograph of Bald Hill, a low shield in the Werribee Plains. Note the lack of outcrop, and the broad,
Sflat lava plains ar the base of the shield.

44  AIRBORNE GEOPHYSICAL DATA

Remote sensing techniques were investigated to aid with mapping, including aerial
photograph interpretation, and airborne magnetics and radiometrics image analysis. Aerial
photographs were found to be particularly useful in characterising the morphology of, and
mapping the eruption centres (Chapter 5), however it is difficult to identify lava flows due to
the extensive soil and vegetation cover, and the flat-lying nature of the lavas. Airborne
geophysical data for the majority of the Werribee Plains was collected by Geoscience Australia
(formerly called the Australian Geological Survey Organisation, AGSO) only at broad (1500
m) line spacing, due to the close proximity of the plains to Melbourne. Unfortunately the
resolution of thc_se images is too poor to be able to distinguish anything but very large features
(eg. the Werribee Delta, Port Phillip Bay), and the extent of the lavas is difficult to discern.
Data flown at 200 m line spacing (grid cell size 50 m?) was available for the very west of the
field area from the Department of Natural Resources and Environment (DNRE). These images

were viewed with the intention of identifying the extent of lava flows from the different

eruption centres (Fig. 4.3).
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Fig.4.3 Airborne geophysical images from the west of the Werribee Plains (see Fig. 4.1 for location). Data was
collected ar 200 m line spacing and grid cell size is 50 nt’. Data was not available for the top right hand corner
of the images. a Toral magnetic intensity (TM1) sun-shaded, pseudocolour inmage with gaussian equalisation.
Sun shading is 45° elevation and 45° azimuth. The bright red circle marks the position of Pt. Henry, to the east
of Geelong. b Corresponding pseudocolour K radiomerrics image with a gaussian equalised distribution, Dark
blue represenis 0.05 equivalent % K, red is 3.4%. with green, orange and yellow representing intermediate
valiues. The images have been annotated, and the fearures of interest highlighted, including the eruption cenires

and extent of the lavas fed from them.
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The broad extent of the lavas in this area is discernible based on their magnetic response
(Fig.4.3a). They are more magnetic than the surrounding lithologies, and have a more complex,
textured response. The eruption centres in the images include Bald Hill, Spring Hill, One
Tree Hill and the Anakies. Lavas fed from the northern centres are diverted by the Devonian
aged granitic You Yang Hills, and are bounded to the west by the Rowsley Fault and the
uplifted Palaeozoic highlands. The lavas to the east of the You Yangs extend almost as far as
the Bellarine Peninsula, and do not appear to have interacted with water in Port Phillip Bay.
The location of the Anakies appears to have been controlled, in part at least by the Lovely
Banks Monocline. It has previously been shown that different aged lavas from the NVP have
unique radiometric respenses due to the different weathering histories (Dickson & Scott 1991).
Weathering resuits in up to 50% loss of K, and a gain in U and Th. The radiometric response
also reflects the original composition of the lava, particularly the K content. The radiometrics
image shows the measured K content (equivalent % K) of the top ~3-30 ¢cm of the ground
(Fig. 4.3b). Unfortunately it was not possible to distinguish between the lavas from different
centres, as the radiometric responses of the lavas were too similar. This in itself is significant,
suggesting that the eruption centres are of similar ages and have experienced similar weathering
histories. As the Anakies are physically separate from the other centres, the extent of lavas
from these cones was identified. Lavas have extended up to ~25 km away, however again the

lavas fed from the discrete cones were not able to be isolated.

45 GEOPHYSICAL WELL LOG INTERPRETATION

The geophysical well data was analysed to investigate the potential of identifying
volcanic facies and discrete eruption packages within the basalt (section 4.6), to characterise
the distribution of inter-flow sediments in the sequence (section 4.7), and to produce a map of
the palacotopography prior to volcanism, by determining the total thickness of basalt (and
inter-flow sediments) in each of the holes (section 4.13). Firstly, the geophysical response of
each lithology was characterised using two diamond drill holes (BM22 and MB31) that have
corresponding geophysical well logs (Fig. 4.4). The geophysical response of the Red Bluff
Sands underlying the basalt was found to be almost identical to that of any interflow
sedimentary rocks and palacosoils within the sequence. All of these units are low density
(<~2.3 g cm™), have low resistivity (<~80-90 Ohm.m) and a high radiometric response (>
70). The gamma ray response was measured with reference to the American Petroleum Institute

standard (GAPI). Coherent basalt has a very different response, and is characteristically high

116

Chapier 4: Strarigraphy and facies architectuire

i
i
i

Gamma (gapi) BM22
0 50 100 150 200 250 300 Depth (m}
mpth (mh L L) 'l:!,:;' himl l LELELIL] I LELILJR] l LIL I | l L L 0 |g§i§‘\-&“
] v 1 \Rubbly basalt
0 19 ~—Coherent basalt
g Lithological boundary
B 2 Inferred base of
T~ eruption package
N Sediments
30
0 _h
-:;- .
50 'gn N |"'r| ] |_i_3| 1 |5 1 15.l5_l_l_l
Bulk Denslty (g/cc}
Gamma (gapl) Res (Ohm m) MB31
Depth (m)
o ° 50 100 150 200 250 o 50 100 150 200 DEP ™) Missing core
MR aa e S e + : I . .
opF - 1 F . 10 ?
1 F ] ?
20 4 F -1 20
30 [ 1r B 30 ?
e . 3
'y . .
s e Erwrn
o —¥EIZ I BMTmsmmrmr——
S0 - - =1 [~ “:':::'E', mrmimrm - 50 —Aa ﬂDW
[ - ._7:.‘._‘?#" ----------
F T s _ 2
U — pl=, ) e
[ o=
R AL Sear e . “..:‘__‘-
70-F J L . —= A 70
s ":,':tr J
- f -¢ -
ao- il bt d e -] .:-:".- r||||l1llllllll!- B0 T
1 25 3 35
Bulk Density (g/co)
e Bulk Density (gfccl] | «-eoveenn Gamma (gapl) — - — - - Res (Ohm m})

Fig. 4.4 Graphic logs and corresponding geophysical well logs for diamond drill holes BM22 and MB31.
Threshold values for each geophysical parameter were identified to distinguish between sediments and
palaeosoils, and basalt (see text). Volcanic facies have been identified based upon the geophysical response

where possible (section 4.6).
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density, has a high resistivity and low radiometric response. Rubbly basalt (either produced
throngh weathering, autobrecciation, or possibly the drilling process) has intermediate density
and resistivity values, and a low radiometric content. The contact between the basalt and
underlying Red Bluff Sands unit is generally sharp, and was easily identified on the well logs
lacking associated diamond drill core (Appendix H). Because the geophysical response of
sediments and palacosoils are difficult to distinguish between, a threshold thickness of >5m
was chosen to identify the inter-flow sediments in the well logs. The low bulk density of the
sediments compared with basalt is the most reliable criterion for identifying them in the well
logs, as the radiometric responses were found to be more variable. Although the gamma ray
content is generally higher for sediments than basalt, high K basalts (eg. from the Anakies
(Irving & Green 1976), well log ANAB003, Appendix H) have a particularly high radiometric
response, and thick units inferred to be sediments sometimes have low radiometric responses
(eg. MOUS007, Appendix H). |

46 VOLCANIC FACIES
461 Identifying flow unit and eruption package boundaries

Lava flow unit boundaries were identified in diamond drill core by the presence of
any or all of these features: (i) significant weathering of basalt and/or soil formation, suggesting
a significant time break between adjacent flows; (ii) a sharp change in vesicularity; or (iii) the
presence of clinkery, autobrecciated clasts, indicating an aa flow margin (Chapter 2), Fig.
4.8. Eruption packages (the products of discrete eruptions) were identified within the sequence
by evidence of a significant time break between adjacent packages of flows. Again, this may
take the form of oxidised, rubbly basalt or palaeosoil development at the top of a package,
and/or a change in polarity in the sequence (where the sign of the inclination of more than
one sample differs from the underlying or overlying samples; section 4.11.1). In the geophysical
well logs boundaries between eruption packages were inferred by the presence of thin
palaeosoil horizons, rubbly basalt, or interflow sediments (eg. Figs. 4.4,4.9, Appendix H). It
is not considered to be a completely reliable technique to identify eruption packages in this
way, as the magnetic polarity is not recorded in the well logs. Also, many rubbly basalt
intervals that are recorded in the well logs do not necessarily represent a significant time
break between adjacent lava flows, but instead may be attributed to the drilling process for
example. An attempt has been made to identify all eruption packages in the well logs (Fig.

4.10, Appendix H), however it is considered to be an approximation only.
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In Chapter 2 the interiors of inflated pahoehoe lobes and aa lava flows were better
characterised in drill core and outcrop, and features characteristic of the different lava types
were documented. Four additional volcanic facies have been identified in drill core and outcrop
in the Werribee Plains: S-type (or spongy) pahoehoe lobes, ponded lava flows, transitional
lava flows and scoria. Each facies have unique characteristics that can be interpreted in terms
of the physical emplacement processes. The criteria used to differentiate between facies are
described below and shown graphically in the drill core logs (Fig. 4.8). Locally inflated P-
type pahoehoe lobes and aa flows were identified in the geophysical well logs, as described

below.

4.6.2 Pahochoe flow units

Pahoehoe flow units contain planar, chilled margins (+ ropes) with very small spherical
vesicles preserved just within the margins. The vesicles characteristically increase in size
towards the interior of the lobe at both the top and basal marginsn(Wilmoth & Walker 1993).
Two main types of pahoehoe iobes have been identified on the basis of vesicle distribution:
S-type or “spongy” lobes, and P-type lobes, which may contain pipe vesicles at the base
(Walker 1989, Wilmoth & Walker 1993). S-type lobes form with minimal inflation, and contain
spherical vesicles distributed throughout, with a higher concentration in the centre. The general
characteristics of P-type lobes are a dense interior (non-vesicular zone- NVZ) surrounded by
more vesicular upper and lower margins (upper vesicular zone- UVZ and lower vesicular
zone- LVZ). They form either by inflation of the lobe beneath a chilled crust, or by ponding
of the lava in a topographic depression. Lobes that have formed by inflation typically (i) have
thicker normalised UVZ’s than ponded lavas (the UVZ constitutes 40-60% of the total Jobe
thickness); (ii) demonstrate an overall increase in vesicle size and decrease in vesicularity in
the UVZ with depth; (iii) may have horizontal vesicle zones (HVZ’s) in the UVZ; and (iv)
may contain pipe vesicles inthe LVZ’(Hon efal. 1994, Self et al. 1996, Cashman & Kauahikaua
1997; Self et al. 1998). The presence of vesicle trains at or towards the base of the UVZ has
also been recognised in this study to be unique to lavas that have formed by inflation (see
Chapter 2).

Inflated (P-type) pahoehoe lobes
Vesicles within the UVZ of pahoehoe lobes that are considered to have formed by

inflation in this study, are gererally sub-spherical and locally evenly distributed. The tops of
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some lobes have been removed by weathering and erosion, and the UVZ in these flows is
therefore only partially preserved. The normalised UVZ thickness, and progressions in
vesicularity within the UVZ are not useful criteria to use in these instances to distinguish
inflated lobes from ponded lavas. Instead, HVZ’s and vesicle trains that have been identified
locally within the UVZ’s of these flows indicate the flows have formed by inflation. The
NVZ’s of P-type pahoehoe lobes were observed to differ from the dense cores of aa flows, as
the pahoehoe lobes commonly contain segregation material (vesicle cylinders and vesicle
sheets (eg. Goff 1996)) and generally lack other vesicles. The LVZ is consistently ~0.3 m
thick regardless of the lobe thickness and some contain pipe vesicles, another feature
characteristic of flows that have formed by inflation. Inflated pahoehoe lobes identified in
drill core range in thickness from 1.2 to 17.1 m (average ~7.5 m) and in outcrop occur as
wide, low aspect ratio lobate to sheet-like structures (Fig. 4.5a). In general, pahochoe sheet
flows which are totally exposed vary from 1.5-3 m in thickness and widths vary from 10-30
m. Of the thicker flows, where the tops and/or bases are not preserved or exposed the widths
are generally 50-100 m. Flow thicknesses quoted are minimum estimates of the original flow
thicknesses, and include any weathered basalt or palacosoils developed above the flows. In
one instance a feature resembling a large lava tube or elongate tumulus was observed in the
field (extending southward from the eastern Anakie scoria cone). Although there is no outcrop
preserved, this tube is slightly raised up above the surface of the plains, and is considered to
have developed over time within an inflated sheet flow system, as a preferential pathway for
the lava. This is the only example of a tumulus or tube observed in the Werribee Plains. In
geophysical well logs inflated P-type lobes were identified by their unique geophysical
responses compared with the other volcanic facies. The lower half of inflated pahoehoe lobes
are denser and have higher resistivity values than the top half of these lobes (corresponding
to the NVZ and UVZ respectively). The transition between the two zones generally appears
to be gradational in terms of density changes, with a general decrease in density towards the
top of the flow, before an abrupt increase in density (and resistivity) at the base of the overlying
lobe (Fig. 4.9b).

Spongy (S-type) pahoehoe lobes
Although single S-type lobes are commonly associated with inflated lobes (small
break- outs or toes that have not inflated), locally multiple spongy lobes occur together. In

these instances they occur as a discrete package of small lobes, and are considered to represent
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a unique facies. Six examples of this have been observed in drill core (four in DER7, one in
BM22, and one in KOR14, Fig. 4.8). Individual lobes in these packages range in thickness
from 0.1-2.1 m and average ~0.5 m, and entire packages range in thickness from 2.0-5.5 m
and average 3.0 m. The spongy lobes are considered to represent flattening out of the local
topography. This facies is produced when the local topography is too steep for inflation to

occur, and instead non-inflating, low aspect ratio spongy lobes are formed.

4.63 Ponded lavas

Ponded lava flows (analogous to lava iakes) contain abundant segregation material
(Helz 1987, Puffer & Horter 1993), This enables ponded lavas to be distinguished from aa
flows, as aa lavas lack segregation veins in the cores of the flows. Mostly ponded lavas are
distinguished from inflated lobes using negative criteria: they lack pipe vesicles in the LVZ,
vesicle trains and HVZ’s. Five ponded lava flows have been identified with particularly thin
or absent UVZ's, a lack of features that are diagnostic of the inflation process, and they
generally contain abundant segregation material. The ponded lavas range in thickness from

6.0-17.3 m, and avzrage 11.0 m.

4.64 Aa

Aa lava flows contain clinkery, autobrecciated clasts at the top and base, surrounding
a dense core eg. (Williams & McBimney 1979). Unfortunately due to subse.uent weathering
after emplacement, or incomplete recovery of the drill core these clasts are not always
preserved, so identification of the flow boundary and facies type involves looking at other
features of the flow. The clinkery clasts at the margins of these flows are sometimes entrained
into the core of the flows during emplacement (Crisp & Baloga 1994), and preserved in drill
core. This helps to distinguish aa flows from pahoehoe flows, which rarely entrain any material.
Vesicles were sparsely dispersed throughout the cores of flows observed; they had irregular

shapes and their distribution was heterogeneous, The aa flows identified all lack segregation

~ material in the cores of the flows (cf. many thick pahoechoe flows, Chapter '2). Vesicle cylinders

have previously only been observed in relatively low viscosity pahoehoe flows (Goff 1996).
Seven aa flows have been identified in drill core, ranging in thickness from 15.3-31.7 m and
average 22.5 m. No aa flows were observed in outcrop, hence the dimensions of the channels
could not be ascertained. The geophysical well logs of aa flows demonstrate consistently

high density and resistivity values throughout the cores of these thick flows, beneath a rubbly
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basalt zone and/or palacosoil (eg. Fig. 4.4b).

4.6.5 Transitional lavas

These lavas contain features characteristic of both aa and pahoehoe (eg. Katz 1997).
Commonly the top margin of a transitional lava flow was observed to contain rubbly. clinkery
material, and yet the coherent interior could be subdivided into an UVZ,NVZ and L.VZ.The
basal margins locally contained clinkery clasts, however they were also observed to form a
planar contact with the underlying lobe/palacosoil horizon. Some of the transitional lavas
contain segregation material in the cores of the flows. Locally the vesiculation patterns within
the UVZ are quite irvegular, with barren patches adjacent to more vesicuiar basalt, however
generally the vesiculation is fairly homogeneoﬁs. The thickness of individual lobes ranges
from ~3.5-11.5 m and average 7.3 m thickness. In outcrop the transitional lava flows occur as
vast sheets, separated by clinkery, rubbly zones. considered to be channel levees or tube
margins (Fig. 4.5b). The rubbly zones range from 4-8 m wide and occupy the entire height of
the quarry faces (~5 m). Channel/tube widths range from ~65-120 m. Katz (1997) interpreted
the transitional flows to be thin, vesicular aa flows. however they are considered here to
either represent aa lava flows that later became inflated (eg. Calvari & Pinkerton 1998}, or
pahoehoc flows that have become autobrecciated behind the flow-front (eg. Keszthelyi 2002).
In the latter case these types of flows have been called rubbly pahoheoe. and differ from the
transitional lavas observed in this study as the disrupted fragments at the tops of rubbly
pahoehoe flows are variably broken pahochoe toes and are not clinkery in nature (Keszthelyi

2002). Further work is required to understand how the transitional lavas observed in this

study were emplaced.

4.66 Scoria
Scoria has been observed in three drill holes (MB31,BM22 and PYW7). The intervals

of scoria are relatively thin (0.1-0.6 m) and smali clasts are preserved within these (1-1.5 ¢cm
diameter). The small, vesicular scoria clasts are bound together by calcrete and/or clay material.
In each instance they overlie a soil horizon and are directly overlain by a sequence of lava
flows. They are interpreted to represent the preliminary stages of an cruption prior to burial

by the lavas.
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Fig. 4.5 Photographs of lava lobes in outcrop. a. Inflated
pahoehoe lobe exposed in the face of CSR Quarry, Werribee.
The base of the flow is not exposed, but note its broad, lobate
Jorm. Note the tape measure (1 m) for scale. b, A clinkery, rubbly

e o e e T oA ant 0 "o s, pm ey . bttt Tyoied iy g, N~

Chapier 4: Stratigraphy and facies architecnne

2one interpreied 1o represent a channel or tube margin, in the

Borat Quarry, Deer Park. The exposed face is ~3-4 m high.
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47 INTER-FLOW SEDIMENTARY FACIES

The general features of the inter-flow sediments observed in the Werribee Plains are
described based upon their limited occurrence in drill core and outcrop. Only two diamond
drill holes have inter-flow sediments preserved (MB31 and TAR12) and sediments are also
preserved in outcrop at Cobbledicks Ford (CDF, Fig. 4.1) between eruption packages. The
overal! distribution of sediments in the Plains is better recorded by the geophysical wells, a
number of which have evidence of inter-flow sediments (section 4.9). The interflow sediments
in MB31 comprise three upward-fining sequences, ranging in grain-size from gravels to
mudstones (Fig. 4.8h). The lower two packages are separated from the top sequence by a
palacosoil, and palacosoils are also located above and below the entire sedimentary interval.
The grave! at the base of the sedimentary package is moderately well sorted, containing
clasts averaging ~1.5 cm. It contains sub-rounded to well-rounded quartz grains and red,
oxidised meta-sandstone clasts, and angular basalt clasts. The gravel lens higher in the sequence
lacks basalt clasts, and consists predominantly of sub-rounded, coarse (average ~3 cm) quartz
grains and minor meta-sandstone lithic clasts. The sandstone unit is clast-supported, consisting
mainly of well-sorted quartz grains, set in a clay matrix. The grains vary from angular to sub-
rounded, and are generally equant. Many of the quartz grains have undulose extinction,
suggesting they are low-grade metamorphic in origin. Lithic clasts are more rare in the
sandstone, and are generally very fine-grained with a distinct foliation, interpreted to be
metapelites. It is difficult to distinguish the grain types in the mudstone, due to its fine-
grained nature. Like the sandstone it appears that the main grain type is quartz, and these are
generally sub-angular and dispersed throughout. Within the matrix there are some opaque
and clay minerals. No basaltic lithic clasts are observed in either the sandstone or mudstone
facies.

The inter-flow sediments preserved in TAR 12 overlie a ~3 m thick interval of heavily
weathered basalt (altered with abundant calcrete). The sediments are red-brown and sandy at
the top, becoming more silty and muddy with depth. The overlying basalt flow has a sub-
planar contact with the sediments. The base of the flow is not completely smooth, but this is
probably due to local irregularities in the substrate. The sandstone consists predominantly of
quartz, in a matrix-supported rock. The sample is relatively poorly sorted, containing a range
of grain-sizes within a very fine matrix containing clay minerals. The quartz grains are generally
sub-rounded to rounded, have undulose extinction and the grains are commonly fractured.

The matrix and some of the quartz grains are locally oxidised and iron-stained. No lithic
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clasts were observed in these sediments

At Cobbledicks Ford the inter-flow sediments also overlie a weathered interval of
basalt. The sequence contains thin, planar siltstone and sandstone laminae with abrupt changes
in proportions of different grain types (Fig.4.6). The dominant grains are altered (buff-coloured)
scoria clasts, basaltic lithic clasts and quartz. The scoria and basaltic clasts generally occur
together, with some quartz grains scattered amongst them. There are also laminae that consist
predominantly of quartz, and the contacts between adjacent laminae are generally very sharp
(Fig.4.6). Individual laminae are from ~5-40 cm thick, and the grain-size fluctuates throughout
the sequence. The scoria clasts are highly vesicular, and are sub-rounded to irregular shapes.
It appears that the original shapes have not been greatly modified through transport (Fig.
4.6). The basaltic lithic clasts are generally non-vesicular and textures within these vary from
ophitic to intergranular, and some are trachytic. The clasts are generally sub-rounded to
rounded. Clasts are locally moderately well-sorted by mass, but not by size, and they are
considered to have been hydraulically sorted. This feature, combined with the presence of
ubiquitous quartz grains throughout the sequence suggest a fluvial emplacement mechanism,
rather than air-fall scoria deposits. Quartz grains in the quartz-rich facies are sub-angular to

sub-rounded and occur within a matrix-supported rock.

v Pahochoe lava

Laminated, quartz-rich siltstone

Tm .
-— Scoria-dominated,

coarse sa-dstone

MRS PULR OGNS Rubbly, weathered basalt

Vv Pahoehoe lava

log 006 05 2 8
Max.grainsize {cm)

Fig. 4.6 Siratigraphic log of the inter-flow sediments preserved a1 Cobbledicks Ford, with a photograph of the
coarse sandstone facies, containing abundant altered scoria clasts. Note the locally variable grain-sizes in the

unit, a result of hvdraulic sorting.
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4.8 NATURE OF THE BASAL BASALT CONTACT

The sediments that occur directly beneath the basalt are typically siltstones and
sandstones of continental origin, called the Red Bluff Sands (Abele ef al. 1988). In diamond
drill core from three holes to the north of the field area (KOR14, BM22 and MB31; Figs. 4.1
& 4.8), the basaltic Java has a planar contact with palaeosoils, which have developed above
the sediments, indicating a period of weathering and erosion between the cessation of
sedimentation and the onset of volcanism. Planar contacts between the lowermost basalt
flows and underlying sediments are preserved in two drill holes (KOR15 & KOR16). One
drill hole, slightly further south of these shows some evidence of interaction between the
basalt and sediments (DER7, Fig. 4.7). The base of the flow is not planar, but has an irregular
fluidal outline, with very localised inter-fingering of the basalt and sediment, indicating the
sediments were unconsolidated and probably wet at the time of emplacement of the basalt.
This lowermost basalt flow is 15 m thick, has a regular vesicle zonation at its base. and there
is no evidence of the development of pillow lavas or hyaloclastite. Directly beneath the contact
the sediments are homogeneous, grey mudstones. It appears that the sediments were
waterlogged at the time of emplacement of the lavas, resulting in some downward intrusion

or loading of lava and perhaps fluidisation mobilisation of sediments. The two southernmost

Fig. 4.7 Photograph of the
contact between the base of
the lowermost vesicular
basalt flow (dark) and the
underiving Red Blufi Sands
§ (light grev; 107 5m) indrill
hole DER7 . Note the fluidal
S nature of the basalr and the
inter-fingering benween the
. basalt and sediments. Up
2 swrati praphy owards top of

t page.

drill holes (TAR12 & TRUSO0) contain hyaloclastites at the contact between the basalt and
sediments. In each case only a small zone of hyaloclastite has been preserved (up to ~10 cm
thick), consisting of angular basaii fragments in a dark, altered matrix. Again, the lava flows

at the base of these holes are ~15 m thick, and there is no evidence of pillow lavas. It is
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proposed that the lavas were emplaced into very shallow water, which caused localised quench
fragmentation of the lava at the base of the flows, and the water was evaporated or displaced
by this. In some of the holes (KOR14, MB31, KOR15) the soil horizon or sandstone directly
underlying the basalt have been baked within ~10 cm of the contact, reflected by a change in
colour and higher degree of consolidation of the underlying material. This suggests that the
underlying material was hard and dry at the time of emplacement of the lavas, resulting in
efficient heat transferral. One drill hole (PYW?7) has core missing at the contact, so the

relationship between the basalts and sediments is unknown here.

49  DISTRIBUTION OF VOL.CANIC AND SEDIMENTARY FACIES

The inferred distribution of volcanic facies for all diamond drill holes logged in this
study is shown with the graphic logs (Fig. 4.8). Inflated pahoehoe lobes represent the dominant
lava facies observed in drill core, comprising ~65% of all flow units logged. Eruption packages
are observed in drill core to typically consist either of a single inflated pahoehoe lobe; several
inflated lobes stacked together; or several inflated lobes with intervening packages of S-type
pahoehoe lobes. Aa flows, transitional, and ponded lavas occur less commonly throughout
the sequence. Volcanic facies have been identified, where possible from the geophysical v 11
logs (Fig. 4.9). The distribution of volcanic facies and inter-flow sediments in the Werribee
Plains is shown in Fig. 4.10, Transitional lavas were only identified at the top of the stratigraphy,
and are inferred to have been erupted from Mit. Atkinson (Fig. 4.15). Lavas from geophysical
wells within this vicinity that do not have responses characteristic of aa or inflated pahoehoe
lavas have been classified as transitional lavas. Aa lavas are only observed at depth in the
sequence, and are confined to the north of the field area. Based upon the thicknesses and the
generally non-vesicular nature of the aa flows, they are all considered to represent a distal aa
facies (eg. Lipman & Banks 1987, Rowland & Walker 1988, Walker 1993). They are considered
to have been fed by ervption centres to the north, and as they reached the relatively flat area
of the Werribee Plains began to thicken (see Chapter 5). Thus the aa flows are not considered
to be correlatable with any of the pahoehoe flows in drill core. The transitional lavas again
are a unique facies and are not considered to be correlatable with the pahochoe flows. P-type
and S-type pahoehoe and ponded lavas are all considered to be correlateble.

Within the sequence of basalts in the Werribee Plains there is evidence that
sedimentation occurred relatively locally, almost entirely in the north-west of the field area

(Figs. 4.10 & 4.11; Appendix H). Sixteen geophysical well logs have recorded ihe presence
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identified by a sharp change in Fig. 4.9 Representative geophysical well logs and corresponding inferred graphic logs for a. PARS035 and b.
vesicularity. The sequence is WERS002. Of particular importance is the contact between the basalt and underlying sediments, which is
dominated by inflated pahoehoe lobes, X identified by a relatively sharp increase in gamma ray content and decrease in bulk density and resistivity. Inter-
which represent ~63% of all flow units flow sediments occur in PAR8035, and inflated pahoehoe lava lobes have been identified in WER8002. Refer fo
logged. Refer 1o a. for legend. Fig. 4.4 for explanation of symbols, and Fig. 4.8a for volcanic facies legend.
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Fig. 4.10 Distribution of volcanic facies as observed in diamond drill core, or inferred from
geophysical well logs. Erugtion package boundaries are shown (section 4.0.1) . although
boundaries inferred from the geophysical well logs are not considered to be completely
reliable (see text). Each graphic log is shown in its correct spatial location,
without reference. to height above S.L. See Fig. 4.14 for drill hole names,
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of discrete packages of sedimer's between the basalt flows, in addition to the drill core and
outcrop localities descrited (section 4.7). The sedimentary packages identified range from 5-
30 m thick in GOR8007 and PAR8034 respectively, and the average cumulative thickness is
~12.5 m. In most of these instances only one horizon of sediments was observed within a
well log, however three holes contain two horizons (MOOB8005, PAR8036 & PAR8040) and

one hole contains three (MOOB8006), each occurring between lava flows.

mJ INTERFLOW SED!MENT LEGEND
DISTRIBUTION ® Town
hnt Bacchus Marsh
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Fig 4.1 The to1al cunufative thickness of inter-flow sedimenis are shown (to the nearest 5 meires) where they
have been identified within the basalt pile. In each instance only one sedimentary horizon was identified, except
where specified in brackets next to the thickness, Note that generally the sediments occur in the north-west

corner of the field area, adjacent to the highlands, although interpresations are limited by drill hole coverage.

4.10 GEOCHEMISTRY: IDENTIFYING GEOCHEMICALLY DISTINCTMAGMA
BATCHES

Whole rock geochemical data from more than 80 samples exposed at the surface of
the Werribee Plains and 10 sub-surface samples has been analysed (eg. Table 4.2, Appendix
I). Previous geochemical studies in the NVP have focussed on petrogenetic processes (eg.
Irving & Green 1976, Frey er al. 1978, McDonough et al. 1985, Price et al. 1997, Vogel &
Keays 1997), hence these will not be explored here. Instead, the geochemical data is used as

a stratigraphic tool in this study, to distinguish between products of different eruptions. Intra-
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Table 42 Representative whole rock major element geochemical analvses for samples from the Werribee Plains.
Source of data. ' this study; 2 C. Gray unpublished data; * Mitchell (1990). Other analyses are included in
Appendix I. CIPW norm. classification abbreviations: H- Hawatite, TR- transitional, T- tholeiite, QT- quartz

tholeiite, Bi- basaltic icelandire.

Sample no. TS0A' BLK' 9 200° LTU9%19°
Rock type BI T TR T QT
Location DDH TRU50 Black Hill Mi. Atkinson Ryan's Hill/ Mit. Kororoit
(299 m) apron Stony Hill apron
Si0, 52.55 51.19 48.82 51.717 50.28
7i0, 1.68 197 213 1.69 2.51
AlLO, 13.78 13.81 13.41 13.78 14.61
Fe (total) 10.65 11.24 11.03 10.38 1334
MnQO 0.17 0.2] 0.16 0.16 .0‘18
MgO 8.1 7.18 8.90 8.30 492
Ca0 8.18 847 845 8.25 7.14
Na,0 2.87 3.38 348 3.10 338
K0 0.85 121 1.48 0.79 175
P.o, 0.28 047 045 029 125
H,0+ 0.7 0.64 045
H,0- 0.51 038 048
E’Oz 0.62 0.06 0.04
Total 100.12 100.17 100.15 99.52 100.02
878l Sy 0.70443 0.70546

flow chemical variations in basalts are relatively minor (Chapter 2), hence one sample per
flow is considered to be representative of the chemistry of the flow and eruption package.
The CIPW normative compositions have been used to classify rocks as alkali basalts (0-5%
normative nepheline), transitional (G-10% normative hypersthene), and tholeiitic (more than
10% normative hypersthene) (Price et al. 1997). The CIPW norm. calculation was made
assuming anhydrous compositions and an Fe,0,/FeO ratio of 0.2. The tholeiitic rocks have
been subdivided according to SiO, abundance and the presence of quartz in the CIPW norm.

Tholeiitic rocks with SiO, more than 52% are termed basaltic icelandites, whereas those with
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Si0, less than 52% are tholeiites, or if they contain normative quartz are quartz tholeiities.
Some samples that were not analysed geochemically were classified as being alkalic or tholeiitic
petrographically (Appendix J). Aa lavas were found to be too fine-grained to identify the
composition petrographically. The groundmass of pahoehoe lavas is generally more coarse-
grained however (see Chapter 2), and alkalic basalts have a fully crystallised groundmass,
while tholeiites have glassy mesostasis preserved interstitial to the plagioclase lath network.
It is widely believed that alkalic rocks (hawaiites and transitional compositions) and
tholeiitic rocks are produced by magmas subject to different degrees of partiai melting (eg.
Frey et al. 1978). It is also argued however, that the two broadly different magma types
nstead are sourced from different parts of a chemically inhomogeneous mantie (Price et al.
1997). Whatever the reason for the chemical differences, alkalic magmas cannot be derived
from olivine tholeiite magmas by near surface fractionation because there is a thermal barrier
shown by the simple system silica-albite-nepheline, as well as by more complex systems at
one atmosphere (White 1995). Furthermore, there is a correlation of increasing ¥ Sr/*Sr isotopic
ratio and silica content within the products of the Newer Volcanic Province, with hawaiites
tending to have the lowest and basaltic icelandites the highest values (Price ef al. 1988). This
again suggests that alkalic and tholeiitic magmas are genetically unrelated, and it therefore
follows that upon eruption, fractionatisn of tholeitiic lavas will not produce alkalic basalts.
Major element abunidances were investigated to identify any unique chemical sub-
types within the tholeiitic and alkalic rocks. This is a common method that has been used in
other basaltic provinces, to identify chemically distinct magma batches, in order to establish
a stratigraphy (Bailey 1989, Landon & Long 1989, Reidetl et al. 1989, Reed er al. 1997).
Major element abundances in the rocks from the NVP are not considered to have been greatly
affected by weathering and alteration processes, whereas Ba, Y and the rare-earth elements
have been shown to be mobile (Price er al. 1991). The hawaiites and transitional lavas {alkalic
basalts) were found to be chemically homogeneous, and no subdivisions were made within
these samples (Fig. 4.12a-¢). In addition to the geochemical plots shown, incompatible major
element oxide plots (K,0 vs. TiO,) were constructed to see if samples from the different
centres could be distinguished. There was considerable overlap in the results of the products
from the different centres, and again no clear distinctions could be made. One sub-group was
identified within the tholeiites, hereafter referred to as Group I tholeiites (Fig. 4.12a-¢). These
samples are enriched compéred with the other tholeiites in TiO, (>2.5%), K,0O (>1.5%), and
FeO (total >12.5%), and depleted in MgO (<6%) and CaO (<7.5%). A sample is included in
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Fig. 4.12a-e. Major element plots for all samples analysed in the Werribee Plains. The samples have been
classified according to the CIPW norm. classification scheme, and the tholeiitic and alkalic lavas grouped

together. A geochemically distinctive tholeiitic group has been identified and plotted separately to the other
tholeiitic samples (Group I tholeiites-A). Symbols are as follows: Hawaiites-®, Transitional-® , Tholeiites-0,

Quartz tholeiites-{), basalric icelandites-._f, "' Sr/*Sr ratios plotied for a limited number of samples, The products

of different eruption cenires have been inferred and grouped together.
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this sub-type if it contains three or more of these parameters listed. The sub-surface distribution
of inferred chemical sub-types is shown in Fig. 4.13, and the surface distribution in Fig.4.15.

In addition to major element abundances, initial ¥Sr/*Sr isotopic ratios were
investigated to differentiate beiween lavas from different centres. Sr isotopic ratios have
previously been found to be powerful tracers of genetic relationships amongst the basalts
because they are unmodified by geochemical fractionation and weathering, and vary greatly
within the NVP (Price ef al. 1988). Although no new data was collected in this study due to
time constraints and cost, existing data (Price er al. 1997) has been analysed and samples
from different eruption centres grouped together where possible (Fig. 4.12f). Again, there
appears to be some overlap between the products of the alkalic eruption centres. The spread
of sample points of the lavas inferred to have been fed from Mt. Cottrell in particular, suggest
it is an isotopically complex source. The samples have been grouped here based upon proximity
to the eruption centres and topographic constraints. The tholeiitic centres analysed each have

fairly distinctive isotopic signatures.

4.11 PALAEOMAGNETIC RESULTS
4.11.1 Magnetostratigraphy

Magnetostratigraphic studies involve organising strata systematically into identifiable
units based on stratigraphic variations in their magnetisation directions (Butler 1992). The
inclination of the primary remanent magnetisation was identified in most lava flow units in
drill core (Chapter 3; Fig. 4.13). In a small amount of samples the primary remanence was
not idertified, as these samples are palacomagnetically unstable. Although the inclination of
the primary remanence for these samples was not determined, the polarity of the magnetic
field during lava emplacement was recorded. In addition to the data collected in this study,
magnetic polarity data was available for selected outcrop localities (N. Opdyke, unpubl. data
and Hurren 1998, Appendix K). Magnetostratigraphic units were identified within the sequence
as intervals of constant polarity (Fig.4.13). Some samples are considered to have been upside
down in the core trays, as the polarity of these discrete samples differ from all the others
within a magnetostratigraphic interval. The inclination values in these cases are retained,
however the sign is changed. In order to establish a magnetostratigraphy within this sequence
a simple assumption is made that all major reversals of the magnetic field during volcanic
activity are recorded by the remanent magnetisation of the lavas (ie. eruptions were relatively

continuous, and no major reversals were missed). This is reasonable, given that the eruption
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Fig. 4.13 Palacomagnetic resulls: inclination values are next 1o graphic logs. Where it was not possible to
determine the absolute value, just the sign of the polarity is recorded. The inclinations of samples that are
considered 10 have been inverted in the core trays are italicised. A simple magnetostratigraphy is established,
with boundaries between identified chronosiratigraphic units shown. Geochemical results Jor flows that have
been analysed (XRF) or examined petrographically are shown in the lefi-hand cotumn of each graphic log

{section 4.10). The position of the sample chosen from PYW? for ®Arf*Ar dating (section 4.12) is shown (Ar).
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frequency in other continental basaltic fields ranges from one eruption every 2 ka in the Eifel
field, Germany, to one eruption every 15 ka in the Columbia River flood basalt field, U.S.A.
(Schmincke e al. 1983, Tanaka et al. 1986, Bailey 1989, Condit & Connor 1996, Conway et
al. 1998). '
In five out of nine of the diamond drill holes analysed, a simple reverse polarity,
normal, reverse stratigraphy is evident, and this is considered to be correlatable between each
of these holes (Fig. 4.13). The magnetostratigraphic units are labelled following the scheme
adopted by Swanson er al. (1979) for the Columbia River basalts (ie. N, and R are the oldest
normal and reverse polarity intervals etc.). Although the eruption packages contained within
these units may not be genetically related, the magnetostratigraphic units represent discrete
periods of time within which all lavas preserved in the interval were emplaced. In drill hole
PYW7 an additional normal polarity interval is preserved at the base of the sequence, and this
is considered to represent the oldest lavas intersected by the drill holes. TAR12 is not considered
to have had lavas emplaced in this location during the earliest reverse polarity interval, and

only one normal polarity interval is preserved in both BM22 and MB31.

4.11.2 Secular variation

The average inclination was determined for each eruption package {the mean), and
the standard deviation and standard error (Appendix D). This is an approximation only, as
this technique does not take into account the declination of the magnetic field, because the
samples are not oriented horizontally (eg. McFadden & Reid 1982). For the scope of this
study this techriique is adequate. Some eruption packages do not have enough sampies within
them to calculate the standard deviation of the inclination for that package {eg. some consist
of a single flow). The average of the standard errors for the sequence is ~3.5° and this value
was used in these instances. Within identified eruption packages variations in inclination are
generally observed to be relatively small, especially when compared with the amplitude o
the variation between adjacent eruption packages (up to ~10°). Secular variations in the
geomagnetic field are changes in the direction and magnitude of the field, and occur on the
order of every 1-10° years (Butler 1992). Secular variation is recorded here by a significant
cbange in the average inclination of an eruption package, and aids in correlating eruption

packages from different drill holes that have been erupted in the same magnetostratigraphic

interval (section 4.14.2, Fig. 4.16).
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4.12 AGE CONSTRAINTS

Previous K-Ar radiometric dating studies have yielded an age range for surface samples

of the Werribee Plains of 1.41-2.6 Ma (McDougall et al. 1966, Aziz-Ur-Rahman & McDougall
1972, Price et al. 1997, Gray unpubl. data; Fig. 4.15). Two of the dates obtained are from
lavas considered to have been fed by Mt. Cottrell and Mt. Atkinson, the products of which
have been intersected in a number of the drill holes. This yields upper age constraints for the
magnetostratigraphy of 1.41 +0.02 Ma and 2.24 +G.03 Ma. The upper reverse polarity interval
labelied R, (Fig. 4.13) therefore actually contains lavas erupted in two different magnetic
polarity periods (Tabic 4.3, Fig. 4.16). The assumption that all magnetic field reversals are
recorded within the sequence still may hold, although the complete stratigraphy is clearly not
recorded in each drill hole. To confirm that the inferred correlations are correct, and that all
major reversals are recorded within the sequence, lower age constraints for the
magnetostratigraphy were investigated.

Thin sections were made of some of the least altered samples at or toward the base of
the sequence, with a view to doing whole rock K-Ar dating on them. Unfortunately they were
all too altered to attempt dating (C. Gray pers. comm.). The groundmass commonly contained
smectite and zeolites, any interstitial glassy mesostasis was altered beyond recognition and
amygdales were abundant. Plagioclase phenocrysts are refatively rare in the basalts of this
study (eg. Appendix J), however one sample that occurs towards the base of the sequence
(Fig.4.13) has large, unaltered plagioclase phenocrysts, and was considered suitable for ®Ar/
¥ Ar dating (D. Phillips pers. comm.). The possibility of doing radiometric dating was largely
r{Jled out earlier in the course of this study, due to what was considered to be pervasive
alteration of the basalts at depth in the sequence. This sample with plagioclase phenocrysts
was discovered fairly late, is presently being irradiated, and unfortunately the results are
therefore not yet available. The sample occurs in the N, chronostratigraphic unit, and two
magnetic polarity intervals are recorded beneath this in the sequence. The age will give a
better constraint on the timing of commencement of volcanism. Other dating techniques were
also explored, however these rocks are either too young for the techrique to work without
copious amounts of sample (eg. SHRIMP dating of baddeleyite), or too old (eg. carbon dating
or thermoluminescent dating of interflow or basal sediments), the constituent minerals are
too small (eg. fission track dating of apatite grains), or the appropriate minerals were lacking
(eg. the zircons are considered to be inherifed, C. Gray pers. comm.). The basal sediments are

commonly oxidised and iron-stained, and are generally not considered to be likely to contain
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Chapter 4: Stratigraphy and facies architecture

any organic material including pollen. One sample was found at the base of drill hole DER7
that is remarkably unaltered. It is a clean, light grey to buff-coloured siltstone that was analysed
in the Geography Department for its pollen cortent. Palynological studies in western Victoria
have identified some distinctive pollen assemblages in the late Tertiary period (B. Wagstaff
pers. comm.). Unfortunately the sample was found to be completely barren in terms of organic
material and could not be dated in this way either.

Although the age of the underlying sediments is not well constrained, it is known
approximately. The Brighton Group consists of the Black Rock Sandstone and the overlying
Red Bluff Sands and has been traced beneath the basalts of the Werribee Plains in bore holes
(Kenley 1967). The marine Black Rock Sandstone unit ranges in age from Uppermost Miocene
to at least the Lower Pliocene (Abele er al. 1988). Towards the end of the Lower Pliocene a
marine regression occurred (Abele ef al. 1988) resulting in continental deposition of the Red
Bluff Sands. This is considered to have been a eustatic sea level fall, as it corresponds to the
timing of an event identified by Haq er a/. (1987) at 3.8 Ma. There is evidence that the area of
study was in the midst of a marine regression when volcanism commenced (section 4.15.1),

hence a lower age limit for the commencement of volcanism is ~3.8 Ma, towards the end of

the Lower Pliocene.

4.13 PALAEOTOPOGRAPHY

A contour map of the palacotopography prior to volcanism was produced using the
geophysical well and diamond drill core data (Fig. 4.14a). This map was produced by
subtracting the total basalt (and inter-flow sediment) thickness in each hole from the present
topography, assuming that, locally earth movements have been minimal since volcanic activity
commenced. There is no evidence to suggest otherwise. There are however, some minor
problems and limitations associated with reconstructing the palaeotopography. Firstly, the
map of the palaeotopography shows the elevation of the underiying sediments prior to
volcanism, however the basalt was not all erupted simultaneously across the Plains. Based
upon the map produced, and previous work (Kenley 1967), the Werribee Plains appears to
have been a dynamic environment prior to volcanism: rivers were dissecting the Jandscape,
and sedimentation was widespread. In spite of this, the amount of interflow sediments observed
within tﬁe basalt pile was minimal (section 4.9). It is considered that the amount of
sedimentation or 2rosion oécurring subsequent to the commencement of volcanism was not

enough to substantially alter the topography, and the map produced gives the general shape
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of the landscape. Details of the map were constrained by the spacing of the drill holes, which
were generally kilometres apart. Again, only the broad picture can be obtained and inferences
were made between the holes. Finally, earth movements associated with the Kosciusko uplift
were occurring contemporaneously with the volcanism, and culminated in the Late Pliocene-
Early Pleistocene (Abele et el. 1988). Although this must be taken into consideration, it is
impossible to quantify the amount of movement that has occurred. It is assumed that any
movements affected the whole area, as there is no evidence of localised faulting within the
Plains.

The present slope towards the coast in the south-east is reflected in the
palaecotopography, however the paiaso-coastline was situated ~20 km north-west of its present
position (Fig. 4.14a). A prominent ridge is situated in the north-west corner of the field area,
and there is also evidence of a N-S trending ridge in the centre of the area. It appears that the
land was heavily dissected by fluvial systems, and these are considered to have fed info a
more major tributary flowing south, adjacent to the You Yangs. Two cross-sections (A-A' and
B-B") through the basaltic sequence were constructed (Fig. 4.14b; refer to Figs. 4.1 & 4.14a
for location of the sections). All drill holes within ~3 km either side of the section lines are
included in the cross-sections. The basalts appear to have filled in pre-existing valleys and

depressions and have smoothed out the overall topography.

4.14 STRATIGRAPHY
4.14.1 Producing a stratigraphic map of the surface of the Werribee Plains
Combining the geochemical data with other information (available K-Ar ages,
magnetic polarity data, airborne geophysical data and the present topography), the extent of
lavas fed from the different centres, and boundaries between eruption packages have been
inferred (Fig. 4.15). The central and western cone of the Anakies are hawaiites, and the eastern
cone is nepheline mugearite in composition (Iiving & Green 1976). Four samples from Spring
Hill are borderline tholeiites, containing just over 10% normative hypersthene. They are
isotopically similar to the other Spring Hill samples (C. Gray pers.comm.) and have therefore

been grouped here with the alkalic lavas. One Tree Hill has been inferred to have fed significant

Fig. 4.14 (Facing page) a. Map of the palaeotopography prior to volcanism (20 m contour line spacing). Note
that the area was not as flat as it is today, bui there is evidence of ridges, and rivers dissecied the landscape. b.
& c. Schematic cross-sections through the basalt pile (see Fig. 4.1 and above for position of sections). Note the

vertical scale is exaggerated.
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T 7 (J : lava flows, however based upon isotopic data it may be more complex than this (C. Gray

—‘ : pers. comm.). Intuitively, rivers will form adjacent to the edge of a newly formed flow-field,
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Most of the diamond drill holes fall on, or can be projected to the cross-section line

A-A'(Fig. 4.1) and so the magnetostratigraphy established is therefore restricted to this cross-
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Eruption packages that are correlatable must:

Bacchus Marsh

A 0 ks _-"'-:i: - 2 Lo A5 {17 = . be within the same magnetostratigraphic unit (section 4.11.1).
| . be geochemically and petrographically similar (section 4.10). This includes the

distinction that has already been made between tholeiites, Group I tholeiites and alkalic

basalts, in addition to any distinctive phenocryst assemblages the rocks may have

(Appendix J).

d be of the same lava facies, or related facies allowing for palaeotopographic constraints

(sections 4.6,4.13).
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Fig.4.15 (Facing page) Inferved extent of products fed from the exposed eruption centres based upon geochemical

data, available K-Ar ages, magnetic polariry data, airborne gecphysical images and the present topography.
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* be reasonably separated in terms of palaeotopography, other drill holes and likely
lengths of flows (sections 4.13.4.14.1). Although the locations of the eruption centres
are not always known. palacotopographical considerations can discount making
correlations between holes that would require the lava to flow down and then uphill.
It is not considered reasonable to correlate eruption packages between two holes that
have one directly in between that has no evidence of the eruption. All of the drill
holes in the magnetostratigraphy lie within ~20 km of each other, which is less than
the maximum preserved extent of lavas from an eruption centre at the surface (section
4.14.1). Eruption packages can therefore potentially be correlated between any of the

driil holes, depending on the other parameters previously listed.

In addition to the eruptions identified in Fig. 4.16, the relative timing of some more
eruptions that occurred in the Werribee Plains have been constrained and added to the
stratigraphy (Table 4.3). The products of the Spring Hill eruption overlie inter-flow sediments
in a number of drill holes (Figs. 4.10.4.15). This eruption is considered to have diverted the
pre-existing drainage to the north and east (forming the present Werribee River), and thus is
considered to have post-dated the eruption of Mt. Cottrell. The products of the Spring Hill
eruption are normal polarity (as recorded by drill holes BM22 & MB31; Fig. 4.13). and as it
is inferred to have post-dated the eruption of Mt. Cottrell, the Spring Hill eruption must have
occurred in the Matuyama Chron (Table 4.3). An eruption package is preserved in each of the
drill holes BM22 and MB31 beneath the Spring Hill eruption, and these are considered to be
part of the N2 magnetostratigraphic interval (Fig. 4.13). and occurred some time in the Gaussian
Chron (Table 4.3). The upper eruption package preserved at CDF (overlying a package of
inter-flow sediments, Fig. 4.6) has been inferred to have been erupted from One Tree Hill
based upon geochemistry, magnetic polarity and topographic constraints. In Table 4.3, the
eruptions that occurred within each magnetostratigraphic interval are listed chronologically
wherever possible (eg. if two eruptions are recorded in the same drill hole the older eruption
is listed lower in the table). Commonly however, there is no way of identifying the relative
timing of the eruptions, without more comprehensive radiometric dating. Bald Hill, Greek
Hill, Green Hill and the Anakies are the only exposed eruption centres in the Werribee Plains

that are not included in the stratigraphy in Table 4.3, because we have no constraint on the

relative timing of the eruptions.
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415 DISCUSSION
4.15.1 Palacogeography

Based upon observations made in drill core (section 4.8), the airborne magnetic image

_{section 4.4), and the palacotopography (section 4.13), the area is interpreted to have been in

the midst of a marine regression at the onset of volcanism. There is evidence of only very
shallow water in the deepest parts of the basin (in drill holes TAR12 & TRU50). It is interesting
to note however, that there appears to be a progression from north to south of increasing
‘wetness’ of the underlying sediments. The drill holes to the north of the field area have well
developed soil horizons above the basal sediments, and the southern holes have small amounts
of hyaloclastite. Volcanism may thus have commenced right at the end of, or relatively soon
after the marine regression, or it may just be a function of the local topography, with some
drill holes located on palaco-ridges and others in palaco-valleys. Uplift of the Palacozoic
highlands to the north and west of the field area was probably initiated as early as the middle
Miocene, and culminated in the Late Pliocene-Early Pleistocene (Abele ef al. 1988). Therefore,
although uplift was still continuing during volcanism, there would have been substantial
topographic relief 1o the north and west of the Werribee Plains prior to volcanic activity.
Rivers were actively dissecting the landscape, producing valleys and relatively high relief
ridges (Fig. 4.14). Although the topography prior to volcanism was not as subdued as it is
now, it must have been relatively flat for inflation of the pahoehoe flows to have occurred
(inflation is restricted to slopes of less than 2° (Hon et al. 1994, Cashman & Kauahikaua
1997)). Inflated pahoehoe lavas constitute the dominant lava facies, and occur at the base of
the sequence in all but one diamond drill hole (Fig. 4.16). Most of the rivers would have
originated in the highlands, supplying sediment from the highlands south ar.d south-east into
a valley draining south-south-west into the sea.

This is consistent with observations of the interflow sediments, made in drill core and
outcrop (section 4.7). Apart from minor basaltic lithic clasts in the gravel at the base of the
sediment package in MB31, there is no evidence of any basaltic input to the sediments in this
hole or TAR12. Instead, the quartz and meta-scdimentary clasts are considered to have been
derived from the uplifted Palacozoic highlands. In MB31 the upward-fining point-bar
sequences are the products of a meandering river systens. Periods of low flow are shown by
the presence of soil horizons, as the river migrated laterally. The sediment supply recorded at
CDF is different to elsewhere within the Plains, as there is significant volcanic material

preserved. The sequence is interpreted to represent over-bank flood deposits from a meandering
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niver. The individual beds are formed in discrete flooding events, and the change in grain
types is areflection of the bed-load at the time of flooding. The volcanic material is considered
here to have been derived from Mt. Cottrell, Spring Hill, or possibly Green Hill all of which
are centres to the north and are considered to have erupted prior to the One Tree Hill eruption
preserved at CDF (Table 4.3). Scoria is often produced during the early stages of a basaltic
eruption (Chapter 5), and the unconsolidated clasts would be readily eroded and transported,
particularly during rain fall. Similarly the outer crust of pahoehoe lavas tends to spall off
during eruption, and again immediately following eruption would be easily eroded. It appears
that this material was periodically fed (possibly during rainy periods) into a river that was
already transporting material from the highlands.

Two interesting features of the sedimentary record within the basaltic succession are:
(i) that the interflow sediments are concentrated in the north-west of the field area, and (ii)
there is very little evidence of volcanic material within the sediments. (i) The focus of
sedimentation in the north-west of the field area may be because uplift of the highlands was
concentrated in the west rather than the north during this time (along the Rowsley Fault for
example), and east to south-easterly flowing rivers were supplying quartz-rich sediment
between eruptions. There is evidence of a N-§ trending ridge in the centre of the field area, in
the map of the palaeotopography (Fig. 4.14), and this is considered to have diverted the rivers
south, thus accounting for the general lack of inter-flow sediments in the east of the field
area. (ii) Although there is evidence of substantial time-breaks between eruptions (thick
paleosoil horizons locally), only one occurrence of basaltic material in the interflow sediments
was observed (CDF, Fig. 4.6). In the Early Pliocene the climate in southeastern Australia was
humid, and deep pallid, kaolinitic weathering profiles were common (Joyce 1998). However,
by the Late Pliocene the area was arid, and shallow weathering profiles developed. The dramatic
change in climatic conditions are thought to be due to 2 major global cooling event which
occurred at the end of the Miocene (Kemp 1978), or during the Middle Pliocene at 3.4-3.2
Ma (White 1994). It has also been argued that the onset of aridity was due to other causes,
and occurred as late as 2.5 Ma (Bowler 1982). Although the timing and cause is not well
resolved, it appears that the aren was arid during the entire period of volcanism (and
subsequently) in the Werribee Plains. There is evidence of a general lack of erosion and

sedimentation of the basaltic products between eruptions, and relatively shallow weathering

profiles are observed.
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4,152 Change in geochemistry through sequence _
Although the data is incomplete in its coverage, there are no clear trends evident in
terms of a widespread change in composition of magmas with time in the stratigraphy (Fig.
4.16). Group 1 tholeiitic lavas occur in a number of drill holes, and have been emplaced over
at least 2 magnetic polarity intervals. Although these samples have been classified as tholeiites
using the CIPW norm. classification scheme, they plot as alkalic basalts on a Macdonald-
Katsura diagram (ie. total alkalis vs. SiO,, (Mitchell 1990)). Only one sample within the
Group I tholeiites has been analysed for the ¥Sr/*Sr isotopic ratio (sample 92), and this is
anomalously radiogenic for a tholeiite (Fig. 4.12f). It is inferred that crystal fractionation
occurred in a high-level magma chamber to produce this distinctive composition (Mitchell
1990), and this is rarely seen in the NVP (C. Gray pers. comm.). The Group I tholeiites are
therefore considered to have been fed from a common magma chamber, and although it is
beyond the scope of this project, this has implications for the residence time of magmas in
magma chambers, and the petrogenesis of these basalts. Previously it has been considered
that the basaltic plains of the NVP are dominantly tholeiitic (Price et al. 1988), however this
is clearly not the case in the Werribee Plains. Disregarding the unique Group I tholeiites,
more alkalic basalts have been identified than tholeiites in the sub-surface, and both lava
types have been erupted in all major polarity intervals identified. The only scoria cones in the
Werribee Plains that are alkalic are the Anakies, and the other three cones are tholeiitic in
composition. The magnetostratigraphy identified in this study provides an ideal framework
for further, more complete petrogenetic studies of the basaits of the NVP than have been

previously attempted.

4.15.3 Eruption frequency

Twenty-seven discrete eruptions have been identified in the magnetostratigraphy, the
products of which occur in the Werribee Plains (Table 4.3). Based upon other studies in
similar provinces (eg. Greeley 1982a, Kuntz et al. 1992, Stephenson et al. 1998) and the size
of the exposed eruption points, all eruption centres are considered to be monogenetic (ie.
erupted only once). Therefore there are a number of buried eruption centres within the plains,
as well as volcanoes that occur outside the boundaries of the Plains that have fed material into
the area. The majority of eruptions appear to have been small volume, as the products of
almost two thirds of the erﬁptions identified are preserved in one drill hole only. This raises

the issue of whether there are in fact more genetically related eruption packages that have not
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been correlated between drill holes due to limited data. Although this is a possibility, it is
clear that even very closely spaced drill holes can preserve very different emptive histories,
eg. DER7 & PYW7 (Figs. 4.1,4.13, 4.16). These two drill holes are located ~4 km apart and
at the onset of volcanism the substrate would have been at a similar elevation in both places
(Fig. 4.14). Very different thicknesses of lava accumulated at different times in the two holes,
thus emphasising that as well as infilling topographic depressions, the basalt lavas form
constractional features which may serve as obstacles or topographic barriers {0 the products
of succeeding eruptions. Based upon these observations and other constraints (section 4.14),
it seems reasonable to assume that all eruption packages within the magnetostratigvaphy that
are related have been identified.

Based upon the age constraints identified and the assumption that all major reversals
of the earth’s magnetic field are recorded in the .equence (section 4.12, Table 4.3), the 27
identified eruptions occurred between ~3.2 and 1.41 Ma. This gives an eruption frequency of
one eruption every ~66,000 years. Although this is the same order of magnitude as studies in
other basaltic, moncgenetic volcanic fields (Schmincke et al. 1983, Tanaka et al. 1986, Bailey
1989, Condit & Connor 1996, Conway et al. 1998), it suggests that eruptions have occurred
less frequently in the Werribee Plains than other provinces. This may be attributed to the
limited data analysed, and the likelihood that many other eruptions occurred that have not
been identified. However, the Werribee Plains is but a smali part of the larger Newer Volcanic
Province. If the frequency of eruptions within the entire NVP were being investigated,
volcanism was occurring in many other places contemporaneously with activity in the Werribee

Plains and thus the frequency of eruptions would have been greater over the whole province
(see Chapter 5).

4.16 CONCLUSIONS

. Volcanism began during late stages of the 3.8 Ma eustatic regression.

. The products of twenty-seven eruptions identified in the Werribee Plains have been

incorporated into a magnetostratigraphy.

. Although most eruptions appear to have been srnall volume (the products intersected

by only one drill hole), both scoria cones and lava shields have been observed to have
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fed significant lava flows. In each instance the flows are the same composition as the
eruption centre that fed them, and no trend was identified in terms of a broad change
in composition of the lavas with time. Tholeiitic and alkalic basalts are intercalated

throughout the history of the succession. Further work is required to _onfirm this.

. Eruptions are inferred to have occurred approximately every 66,000 years on average,
from the commencement of volcanism (~3.2 Ma) to the most recent eruption of Mt.
Atkinson (1.41 Ma). Despite relatively long repose periods between eruptions, only
one occurrence of basaltic interflow sediments was observed, probably due to the

onset of arid climatic conditions in the late Tertiary.

. Prior to volcanism in the Werribee Plains, continental fluvial erosion and sedimentation

was occurring in the area, producing local topographic highs and lows. Significant
topographic relief probably already existed particularly tu the west of the field area
(uplift of the highlands along the Rowsley Fauit), and sedirents were being transported

into the plains by easterly flowing rivers, throughout the volcanic activity.

* Inflated pahoehoe lavas are the dominant volcanic facies produced in the eruptions,
and the cumulative result of the lavas of the many eruptions is a general smoothing
out of the topography. The present topography of the Werribee is reluiively flat,

punctuated only by the eruption centres that are exposed.
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Chapter 5: Evolution of the Werribee Plains

CHAPTER S

THE PALAEOVOLCANOLOGY AND EVOLUTION OF THE LATE CENOZOIC,

INTRA-PLATE BASALTIC WERRIBEE PLAINS,
NEWER VOLCANIC PROVINCE, VICTORIA

5.1

INTRODUCTION
This chapter ties together much of the work of the previous chapters, in order to
investigate the overall evolution of the Werribee Plains. The eruption centres are better
characterised and eruption processes discussed. Combining this with the study of basaltic
lava emplacement processes (Chapter 2) and stratigraphic work (Chapter 4), the main
characteristics of the eruptions, repose periods, and general evolution of this lava flow-field
are discussed. Issues such as controls on the vent distribution in the Werribee Plains, and the
likelihood of further volcanic activity are investigated. The degree to which volcanism in the
Werribee Plains is representative of the entire Newer Volcanic Province (NVF) is explored.
And finaily, the results of this study are used to better characterise plains-basalt volcanism,
by comparing the NVP with other plains-basalt provinces. Major differences between plains-
basalt provinces and other intra-plate continental basaltic fields (flood-basalt provinces and
scoria-dominated fields) are highlighted, and the different tectonic settings in which they are o

produced are discussed.

5.2 ERUPTION PROCESSES

5.2.1 Features of the eruption centres, and their distribution in the Werribee Plains

A variety of basaltic volcanic landforms exist, including scoria cones, lava shields,
lava cones, spatter cones, maars, tuff rings and lava fields, the final form depending on the 3
dominant eruption style. Eruption centres in the Werribee Plains lava flow-field are low (lava) |
shields and scoria cones, and sometimes spatter cones are associated with them (Fig. 5.1,
Table 5.1). By definition, low shields have slopes of ~0.5° and are typically ~15 km in diameter
(eg. Greeley 1982a, Fig. 5.2). These are distinguished from large lava shields such as those
which occur in Hawaii and Iceland, primarily based upon their smaller sizes (Hawaiian shields
are up to ~100 km diameter), but also on their lower profiles (other shields have slopes up to
10° (Cas & Wright 1987)). The low shields presently exposed in the Werribee Plains range in

maximum dimension from 1.5-12.5 km (Table 4.1, Chapter 4). In contrast to lava shields, the
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Table 5.1 Characteristics of the eruption centres of the Werribee Plains. See Table 4.1 {Chapter 4) for eruption

centre dimensions, calculated slopes and grid references.

Chapter 5:; Evolution of the Werribee Plains

Eruption |Morphology |Crater Evidence of Preserved products,

centre features eruptive inferred extent of lava

fissure system |flows, and other features

The Three scoria W: a moderately |Three volcanoes |Scoria is the dominant product

Anakies cones: West, |deep depression |aligned NW-SE exposed at these centres {eg. Fig.
Middle and is preserved at along the Lovely [5.3). A large lava tube/elongate
East the summit. The [Banks Monocline; {lumules extends southward from
(Fig. 5.3) crater rim appears (3.5 km apan. the E cone, and is inferred to have

to be breached in |Considered to be  |fed lavas (o the S. Each centre is
the W. too far apart to inferred to have fed significant
M: not preserved |have been erupted |lava flows predominantly to the §
E: not preserved | from a single (Fig. 5.1},
eruptive fissure
(section 5.2.1).
Me Low-angle lava |No craler Summit of volcano |Products include variably welded
Atkinson  {shield preserved is a flat, ~E-W spatter and clastogenic lavas near
trending ridge, summit, and iransitional lava
inferred to reflect | flows. Lava {flows were fed in all
the trend of the directions to form the shield, and
original eruptive  |extend further south beyond base
fissure. of shield (Figs. 5.1 & 5.5).

Bald Hill |Lava shield Crater does not | Apparently Unable 10 have access to the
appear to have  |symmetrical: no  |summit, and therefore no products
been preserved  |evidence of fissure |observed. Lavas are inferred to

system have flowed in all dircctions, and
probably not far beyond the shield.

Black Hitl |Low shield No crater Litde outcrop, no | Limited weided spatter preserved
preserved ¢lear 1rend a1 summit. Lava flows fed in all

identified directions, but most have
subsequently been buried by the
products of Mt. Cottrell.

Mt Cottrell |Flat-topped, Crater is ~Symmetrical: no |Welded spatter is preserved in
immature lava |preserved asa cvidence of fissure [beds dipping in towards the centre
shield small topographic 1system oi the crater {Fig. 5.2b). The slope

depression; walls beneath the breached portion of
breached in the crater lacks outcrop, is smooth and
north-west (Fig. convex upward compared with the
5.2b). other slopes. Lava is considered to
have been fed through here,
buiiding up the shield to the north,
and also flowing 10 the south,
beyond the limit of the shield.
Inflated P-type pahochoe {lows are
the dominam product (Chapter 4).

Greek Hill |Scoria cone No depression, | The crater and Limited scoria exposed;
but crater cuiline |overall volcano predominantly welded spatter at
is preserved by joutline are slightly |summit. E side of volcano is
the trend of elongate NW-SE: |lopographically raised cf. the W
welded spatter perhaps reflecting  {(due to lavas burying/breaking
beds (dipping in |wrend of original through built-up spatter in W),
towards centre of | fissure? Limited lavas inferred 10 have
crater). Crater injtially been fed to north-west,
rim breached in and then diverted south (down-
north-west. slope).

162

Green Hill |Broad, flat- Significant No evidence of Limited welded spatter preserved
topped lava arcuate, eruptive fissure at summit, Lavas predominantly
shield topographic system fed towards the south-east.

depression
preserved. Crater
rim breached in
the south-east.

Mt Scoria cone and |Small Spatter ramparts  [Scoria and variably welded spatter

Kororoir  |associated topographic and spatter cones  |are preserved ai the summit and on
spatter cones  |depression occur to the north- |the volcano's flanks. The south-
and ramparts  |preserved, and  |east and south-east |east slope is smooth, convex,

outline also (respectively) of  |contains little cutcrop and Java is
defined by Mit. Kororeit, considered to have been fed out of
welded spatter Inferred to have the breached crater to the sonth-
beds. Crater wall |been fed by ~N-S |east. Lava generally flowed to the
breached inthe |trending eruptive |S, and aa flows considered to have
south-east, fissure system been fed from Kororoit are
(Fig. 5.4a). preserved beneath the products of
Mt, Cottrell.
One Tree |Low shield Little outcrop: no |No trend identified | A significant volume of lava is
Hill evidence of crater considered to have been fed to the
south and south-east of One Tree
Hill, beyond the base of the low
profile shield.

Ryan's Hill | Scoria cone No crater Apparently Welded spatter and clastogenic

preserved symmetrical; no  {lavas preserved at summit, Lavas
evidence of fissure |inferred to have been fed to south,
system but extent uncertain (same
composition as Stony Hill lavas).

Spring Hill |Low shield No summit crater |Summit consists of [Welded spatter is preserved at the
preserved ENE-WSW summit and scoria from this centre

trending ridge, is preserved in two diamond drill
considered to holes (BM22 & MB31). The
reflect trend of volcano fed inflated P-type
original eruptive  |pahoehoe flows in all directions,
fissure. The producing a broad shield. Other
majority of welded |small exuption centres are

spatter on the associated with Spring Hill: poor
northern flank is  |outcrop, but appear to be more low
oriented ENE- shields.

WSW also.

Stony Hill |Low shield Crater does not | Apparently A significant volume of lava is
appear to have symmetrical: no  |considered to have been fed to the
been preserved  |evidence of fissure |south-east, extending well beyond

system the base of the shield.

flanks of scoria cones are initially ~30° (angle of repose (Wood 1980)), although this angle is

commonly modified due to subsequent weathering and erosion. The scoria cones preserved

in the Werribee Plains presently have slopes of less than 10°, and the mean scoria cone diameter

is 1.2 km.

Outcrop is preserved to different extents at the various eruption centres, and generally

consists of variably welded spatter and clastogenic lavas. The primary flattening plane of the
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welded spatter has been locally preserved, and these spatter beds have a measurable strike
and dip. The spatter heds tend to dip in towards the centre of the crater (eg. Fig. 5.2b), due to
agglutination of the spaiter to the crater walls during low-level fire-fountaining. Even when
outcrop is minimal and no topogréphic depression has been preserved, the outline of the
crater may still be determined (eg. Greek Hill). Crater rims of both low shields and scoria
cones are commonly breached (Table 5.1) and both types of volcanoes are considered to have
fed lava flows (eg. Chapter 4, Figs. 5.1 & 5.5). Outcrop is exposed in the eastern cone of the
Anakies due to scoria quarrying. The sequence is unremarkable, consisting of weakly stratified,
moderately well sorted scoria clasts, with larger blocks and bombs sporadically distributed
throughout (Fig. 5.3). No welded horizons or finer ash layers were observed. There is no
evidence of pauses during this eruption, and it 1s difficult to comment on whether there were
pauses in other eruptions in the Werribee Plains, due to lack of outcrop. The trends of eruptive
fissure systems have been inferred at a number of centres due to (i) crater and/or volcano
elongation (Wood 1980, Kuntz er al. 1992), or (ii) aligned spatter cones and ramparts (Table
5.1).In most cases however, it is considered that the lavas produced by the centres in addition
to subsequent weathering and vegetation growth, have buried any evidence of the original
fissure system. Aligned spatter cones and ramparts have only been observed in one instance,
at Mt. Kororoit (Fig. 5.4). The fissure system is considered to have been linear, trending ~N-
S. The spatter ramparts to the north-east of the scoria cone are ~3-5 m high, and contain
evidence of being built up through fire-fountaining. The welded spatter clasts appear to have
accumulated progressively, and are draped over each other (Fig. 5.4b).

A number of the eruption centres appear to be aligned at a larger scale. The Anakies,
for example, lie on the NW-SE trending Lovely Banks Monocline (see Chapter 4), and other
possible alignments include Greek Hill & Black Hill (NW-SE); Bald Hill, Spring Hill, Mt.
Cottrell & Mt. Atkinson (~E-W); and Ryan’s Hill & Stony Hill (~N-S); Fig. 5.1. Without
using univartate and multivariate statistical methods to correctly identify the alignments (eg.
Connor et al. 1992), these observations are largely subjective. Each of these alignments is not
considered to represent a single eruptive fissure, but numerous discrete fissures that were
produced because the ascending magmas exploited pre-existing structures (eg. Connor ef al.
1992, Conway er al. 1997). The scoria cones of the Anakies are the most closely spaced
volcanioes aligned, and they are up to 4 km apart. In the Eastern Snake River Plain where
volcanoes are substantially larger than are observed here (section 5.5.2), eruptive fissure

zones are generally less than 3 km long (Kuntz er af. 1992). Large basement structures studied

166

___Chapter 5: Evodutiont of the Werribee Plains

=

L 3

=gt
e
eih
e}
a3

-
L}

[] [T
b A

il T30
. »

gedv Ay
>

[)

2

2

B

b3

%

)

g

a

=]

=

o
v
L}

L4}

go v
T
if
-
-
4

)
¥
A

:..
d
i X
‘;sf '

[=3
sy »
+. "?"l‘- l.l:}'l
“tratv
» o3 ely )
TN Gy

pC 44

)

ypny
X
R
‘l

Blocks & bombs

- -

[ =]
3
oS
'-:'s By 8':
4 t"lf
LAY
EChd :.". "
\

;{
+
’
\

Y
yedv 2

©ogG.0805 £ 8§ 32

Avge. clast size (cm)

Fig. 5.3a. Photograph of the three scoria cones of the Anakies. Note the very different morphology of the scoria
cones 10 the low shields (eg. Fig. 5.2a). b. Representative stratigraphic log of the scoria sequence exposed in the
castern flank of the easternmost cone . ¢, Note the relgiively homogencous nature of the scoria deposits, broken

up only by few larger bonibs and blocks.

167




r..

Chapier 5: Evolution of the Werribee Plains

Extent of
topographic
expression

,
~
Spatter
/ ramparts
Mi. Kororoit

scoria cone
crater

ﬁ% Spatter

f cones

Fig.54a. Aerial photograph interpretation of Mt. Kororoit, The spatter ramparts to the north of the Mt. Kororoit

scoria cone are aligned with spatier cones to the south, suggesting the eruptive fissure system was ~N-S trending.

b. Photograph of the spatier ramparts ar Mi. Kororoit, consisting of welded basaliic spatter draped on top of

each other. Note the bag at the base of the owicrop for scale.
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in other basaltic fields have hosted numerous volcanic events over periods of up to 1 Myr,
sometimes the products of which are geochemically heterogeneous along the length of the
structure (Conway ef al. 1997). The parallel nature of the Lovely Banks Monocline with the
alignment of Greek Hill & Black Hill (NW) suggest this is a local structural trend. Four
volcanoes are aligned ~E-W, which is the general orientation of the entire Newer Volcanic
Province, thought to reflect the influence of basement faults associated with rifting and the
formation of the Otway Basin (Cas et al. 1993, Hill et al. 1995). The trend of fissure system
orientation (Mt. Kororoit) and volcano alignment (Ryan’s Hill & Stony Hill) in the north of
the Werribee Plains, at the border of the Central Highlands sub-province of the NVPis ~N-S.
This is considered to reflect the dominant N-S trend of the underlying Palaeozoic rocks of the

Melbourne Zone of the Lachlan Fold Belt (Gray 1988).

5.2.2 Eruption styles and durations

The basaltic volcanic products of the Werribee Plains were produced through a
combination of Strombolian and Hawaiian fire-fountaining eruptions, commonly followed
by passive effusion of lava. Strombolian explosive activity is characterised by a series of
closely spaced explosions, resulting in the ejection of vesicular, scoriaceous material forming
cinder or scoria cones (Blackburn ef al. 1976). Hawaiian fire-fountaining eruptions typically
have high (tens to hundreds of metres) incandescent lava fountains (Parfitt 1998), out of
which spatter clasts are ejected, falling with ballistic trajectories. Although many basaltic
eruptions initiate with fire-fountaining. this commonly diminishes after several days, resulting
in passive effusion of lava (Kuntz ef al. 1992), sometimes producing lava shields. The main
control on the type of basaltic eruption is the magma rise speed, and to a lesser extent the
volatiie content of the magma (Parfitt & Wilson 1995). Hawaiian fire-fountaining eruptions
are produced at high magma rise speeds, in which little bubble coalescence occurs upon
ascent, and instead the magma disrupts at a relatively deep level and high pressure (Parfitt &
Wilson 1995). Subsequent rise of the disrupted gas-pyroclast mixture leads to considerable
gas expansion, resulting in high eruption velocities producing high fountains. At low magma
rise speeds bubble coalescence occurs upon ascent, and large bubbles are lost from the system.
A pond of lava forms in the vent, and the bursting of the large bubbles at the surface of the
pond gives rise to classic Strombolian activity; intermittent explosions and relatively low
eruption column heights (Blackburn et a/. 1976). At constant magma rise speeds, a reduction

in gas content of the magma through time results in the transition {rom Strombolian to Hawaiian
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style eruptions, and then to passive effusion of vesicular lava (Parfitt & Wilson 1995). This
explains why spatter is commonly observed around the rims of scoria cone craters (Wood
1980}, and why both scoria cones and low shields have been observed to have fed significant
lava flows. All scoria cones observed in the Werribee Plains (except the Anakies) have evidence
of welded spatter preserved at their summits, and all without exception are inferred to have
fed lava flows (Table 5.1, Fig. 5.1). Similarly, spatter is preserved at most lava shields, and

again all are considered to have subsequently fed lava flows.

Hawaiian fire-fountaining
The main stages of Hawaiian fissure-fed eruptions are listed based upon previous
work in Hawati (eg. Wentworth & Macdonald 1953, Swanson ef al. 1979, Helcomb 1987,
Peterson & Moore 1987, Wolfe er al. 1987, Parfitt & Wilson 1995, Parfitt 1998, Parfitt &
Wilson 1999), which has largely been summarised by Kuniz ef al. (1992). Although the rates
of the volcanic processes may differ from other basaltic provinces, general features of the
processes are considered to be universal. Hawaiian fissure-fed eruptions generally proceed
through four distinct stages. (i) The ground cracks and there is local steam and fume activity.
Fissuring is followed by lava fountains, which extend for several hundred metres, and erupt
to heights of up to 500 m. Spatter ramparts typically form along both sides of erupting fissures,
and fine tephra is deposited at distances up to 10 km downwind. Lava flows form by
-accumulation and welding of the hot pyroclasts, and cover areas less than $ km?. (ii) After
several days the erupting fissure system dimimshes in length, and lava fountains become
localised along short segments of fissure. Spatter cones (or scoria cones if there is a reduction
in magma rise speed) may form over the earlier ramparts, Diminished fountaining is typically
followed by quiet, more voluminous outpouring of Iava. Surface-fed pahoehoe or tube-fed
flows are produced if eruption rates are fairly high. Small Java cones or shields may be produced
during the latter parts of this stage. (iii) During long-lived eruptions lava fountaining diminishes
and is followed by quiet, prolonged, voluminous outpouring of lava for periods of months to
years, producing a large lava cone or shield volcano. Lava cone or shield summits commonly
have a crater elongated parallel to the underlying feeder fissure. Lava flow-fields produced
during this stage may extend beyond the limits of the lava shields they are fed from. (iv) Few
volcanoes experience the fourth stage in the evolution of basaltic eruptions (eg. Mauna Loa,
Mauna Kea). This stage results from erupﬁons that take place over thousands to millions of

years from a central vent area and volcanic rift zones, producing a large, polygenetic shield
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volcano.

The low shields of the Werribee Plains are considered to have been produced during
st:ages (i)-(iii) of the sequence outlined above. Most eruptions producing the low shields are
not considered to have been long-lived, but probably lasted a number of weeks to months,
because of the relatively small size of both the shields and lava flows. In order to better
estimate the duration cf the eruptions, the emplacement times of the lava flows were
investigated. Most of the lava shields in the Plains are considered to have fed inflated pahoehoe
lavas (Chapter 4). In Hawaii an equation has been formulated that gives the time taken for a
pahoehoe lava flow to inflate, based upon the preserved thickness of the crust (Hon et al.
1994).

C=0079% 5.1

where C is the crust thickness (m) and ¢ is the time (hr). This equation has been applied to the
Columbia River flood-basalt lavas, U.S.A., and errors of more than 25% in the estimated
duration have been predicted (Self er a!/. 1997). This is despite significant differences in the
amounts of rainfall in Hawaii and western U.S.A ., and the thermal properties (heat capacity,
diffusivity, latent heat of crystallisation) of the different lavas. Errors of ~25% are therefore
predicted when calculating the eruption durations of the volcanoes of the Werribee Plains.
The upper vesicular zone (UVZ) of an inflated pahoehoe flow represents the extent of
the upper crust (C) during active inflation of the lobe (Chapter 2). To estimate the duration of
active inflation of a lobe, the UVZ thickness is used in equation 5.1. Once the lava supply is
cut off from a lobe it ceases inflating, stagnates and solidifies. Within an eruption package
consisting of multiple stacked inflated pahoehoe lobes, it is considered that inflation of the
overlying lobes will only occur once the underlying lavas have stagnated (eg. Seif er al.
1997). Therefore, ideally the most complete record of lobes produced by a volcano is analysed
to estimate its eruption duration. The inflation times calculated for the successive lobes in the
eruption package is summed. This gives a minimum estimate of the eruption duration, as it
assumes that each of the overlying lobes were emplaced immediately after the lower lobes
stopped inflating, and also the UVZ of the upper lobe may not be completely preserved. Mt.
Cottrell is considered to have fed the uppermost eruption package preserved in diamond drill
hole KOR15 (Chapter 4). This eruption package is ~20 m thick and consists of 3 inflated
pahoehoe lobes. The sum of the inflation times calculated for these lobes is 357 days, therefore

the eruption of Mt. Cottrell is considered to have lasted for a minimum of ~one year + 3
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Table 5.2 Calculated durations of volcanic eruptions in the Werribee Plains, which produced inflated pahoehoe
lobes, based upon diamond drill hole data. Calculations are Hased upon the known cooling rates of inflated

pahoehoe lobes in Hawaii (Hon et al. 1994), using ihe preserved thickness of the upper crust (UVZ). The resuits
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are minimum estimaltes, 1o the nearest day (see text).

Eruption | Diamond |No. lobes in| Upper crust | Calculated | Total time
centre drill hole | eruption ovz) inflation time | of eruption
package |thickness (m)| for lobe (days) (days)
Spring Hill BM22 1 7.7 396 396
? BM22 1 40 107 107
Mr. Cottrell DER7 i 32 66 66
7 DER? ! 10 7 7
? DER7 4 27.14,09.10 [47,13,5,7 7
? DER? 1 2.1 29 29
» DER7 i 3.1 64 64
? KOR14 3 53.19,28  |188,24,52 264
? KOR14 2 41,33 112,73 185
M. Courell KORI5 3 6.1,38,14  |248,96.13 357
? KORI15 5 e 18,2637, 113 22,45.91, 22 193
? KORI6 3 23,50,20  [35,167,27 229
? KORI16 1 3.8 94 94
) PYWs ; ]2.,9 3]25 l .?.,5 08, ]2;7 :53 22,4, 24, 175
? PYW7 1 30 60 60
? PYW? 2 23,04 35,1 36
Mt. Cottrell TARI2 ! 56 209 209
Black Hill TARI2 6 3:‘;: oo 2510 60, 7,32,7,35,2 143
? TARI2 l 5.8 225 25
Mt. Cotrrell TRUS50 2 33,40 73,107 180
Ryan ; g TRUSO | 8.1 438 438
? TRUS0 2 6.1,55 248, 202 450
Overall
Average 181
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months. Although the error seems quite substantial, it gives a general idea of the relatively
short time frame of the eruption durations expected for these volcanoes. The eruption duration
was calculated for each eruption package consisting of inflated pahoehoe lobes observed in
drill core (Table 5.2). The average eruption duration of all the volcanoes producing inflated
pahoehoe flows in the Werribee Plains was found to be ~6 months. For some reason in the

Werribee Plains the magma supply stopped before centres had grown very large.

Strombolian explosive eruptions

Based upon data from 910 scoria cones from around the world, the median and mean
basal diameters are 0.8 km and 0.9 km respectively (Wood 1980). These are similar dimensions
to the cones observed in this study, and the processes involved in their formation are considered
to be analogous. Cone growth can be divided into three phases: (i) the height increases rapidly,
(ii) the height increases at a slower rate, and (iii) the cone height changes only slightly and
lava extrusion dominates over pyroclastic activity (Wood 1980). Eruptions commence with
the opening of fissures and weak venting of gases, followed within hours by intense eruptions
of large amounts of juvenile pyroclastic material. The initial explosions are nearly continuous
(1 explosion/1-2 sec) and cones reach near their final heights within a few days (ie. stage (i)),
after which the explosion frequency and intensity decrease and lava flows are the main eruptive
product. Fifty percent of observed cinder cone eruptions last less than 30 days, and 95% are
over in one year or less (compared with the average shield volcano in the Werribee Plains,
which was calculated to have erupted for ~6 months; Table 5.2). Generally, products accumulate
around circular vents, but an eruption may occur along a fissure and not immediately become
localised to a single vent, resuiting in the construction of an elongate cone (eg. Greek Hill).
Commonly the cones eject pyroclastic material beyond the cone itself, and sometimes the
resultant distal mantling layer of fine scoria and ash is volumetrically much greater than the
products making up the scoria cone. Two drill holes approximately 6 km from Spring Hill for
example, have preserved scoria, inferred to have been from that eruption centre (BM22 &
MB31, Chapter 4). This is the only evidence that Strombolian explosive activity occurred at
Spring Hill. The eruption style is considered to have rapidly changed to Hawaiian fire-
fountaining, preventing the construction of a scoria cone there. The total volume of lava
flows is commonly greater than the volume of the cone as well (eg. the Anakies). Thus,
although scoria cones are the most visible results of many eruptions, they commonly represent

the least significant fraction of the entire ash and lava output of an eruption (Wood 1980).
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53 EVOLUTION OF THE WERRIBEE PLAINS
53.1 Pre-existing palacotopography and substrate geology

The Werribee Plains are contained within the Port Phillip Basin, a Tertiary depression
bounded to the west and east by the Rowsley and Selwyn faults respectively (Chapter 1). A
thick sedimentary sequence accumulated in the Port Phillip Basin during the Tertiary period,
the uppermost unit being the continental Red Bluff Sands of the Brighton Group (Abele e al.
1988). The Red Bluff Sands are composed of clay, sand and gravel; they are occasionally
cross-bedded and variably iron-stained. They contain fossil wood, other plant remains and
freshwater sponge spicules, and the base of the unit is regarded as Pliocene in age (Abele et
al. 1988). The pre-volcanic substrate in the vicinity of the Werribee Plains was relatively flat,
gently sloping towards the scuth-east, however significantly more dissected than it is today
by the drainage systems. Rivers from the topographically raised Palaeozoic highlands to the
north and west were fed into a major tributary, which drained towards the south (Chapter 4).
The area of interest was in the midst of a marine regression at the commencement of volcanism.
The substrate onto which lavas, from some of the earliest eruptions, were emplaced was up to
50 m below sea level, and yet there is evidence of only minor interaction between the lavas
and water. Airborne magnetic images show that lavas extended off-shore to the south, almost
as far as the Bellarine Peninsula without any evidence of interaction with water (Chapter 4).
The basalts of the Werribee Plains disconformably overlie the Moorabool Viaduct Formation
(considered to be equivalent to the Brighton Group (Abele et af. 1988)), covering the onshore
Port Phillip Basin between Melbourne and Geelong (Holdgate er al. 2002).

532 Commencement of volcanism

The marine regression that was taking place at the commencement of volcanism in
the Werribee Plains is considered to have been eustatic in nature, at ~3.8 Ma (Haq et al.
1987). There is evidence that volcanism commenced relatively soon after the onset of the
regression, as the substrate demonstrates an increase in ‘wetness’ beneath the volcanic products
from north to south (Chapter 4). The products of the earliest eruption identified in the
magnetostratigraphy are preserved in one drill hole (PYW?7), located close to the centre of
the Werribee Plains (eg. Fig. 4.1, Chapter 4). This eruption is considered to have occurred in
the Gaussian Chron (probably between 3.11-3.22 Ma (Cande & Kent 1995), Chapter 4).
Earlier eruptions may have occurred that were not intersected by the drill holes analysed, and

there is no evidence why the first eruption might have occurred in this location. It has been
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proposed that the volcanic activity producing the Newer Volcanic Province is just the most
recent expression of basaltic volcanism, which has occusred intermittently in south-eastern
Australia from the Late Cretaceous to Recent (Lister & Ethenidge 1989, Price et al. 1997).
The volcanism is considered to be related to the break-up of the Gondwana supercontinent
(Chapter 1). Extension associated with the continental break-up is considered to have initiated
thermal instability in the mantle, involving asthenospheric upwelling (probably a number of
hotspots) which is thought to be responsible for the continuation of volcanism over the

following tens of millions of years (Price et al. 1997).

53.3 Eruption styles and resultant products

Each eruption is considered to have commenced with the formation of an eruptive
fissure system. Upon formation of an eruptive fissure, each eruption commenced with either
Strombolian explosive activity or Hawaiian fire-fountaining, depending largely on the magma
rise speed, and to a lesser extent on the volatile content of the magma (Parfitt & Wilson
1995). At constant magma rise speeds, a reduction in gas content of the magma through time
results in the transition from Strombolian to Hawaiian style eruptions, to passive effusion of
vesicular lava (Parfitt & Wilson 1995). This sequence of events is considered to have occurred
at a number of the eruption centres in the Werribee Plains. Following the initial formation of
a scoria cone, the summit craters are subsequently rimmed by welded spatter, and finally the
lavas breach a crater wall and propagate away from the volcano (eg. Mt. Kororoit, Greek
Hill, Ryan’s Hill). The larger shield volcanoes are considered to have commenced eruptions
with Hawaiian fire-fountaining, followed by a period of passive outpouring of lava. The
duration of volcanic activity at the different centres varied from days (for the more short-
lived, scoria cone producing eruptions) to several months. The average low shield is considered
to have erupted for about 6 months. Volumetrically, basaltic lavas are the dominant products

of the volcanic eruptions in the Werribee Plains (eg. Fig. 5.5).

5.3.4 Lava types and factors controlting these

Inflated pahoehoe lavas are the dominant Java facies produced by the eruption centres.
These lavas thicken by inflation of a lobe beneath its chilled crust, on gentle slopes of less
than 2°, (Hon et al. 1994, Cashman & Kauahikaua 1997). They have distinctive internal

characteristics, and can be distinguished from flows that have formed by other mechanisms

(Chapter 2). Eruption packages identified in drill core commonly consist of a series of stacked
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Werrlbee Delta

Fig. 55 Schematic split block diagram of the Werribee Plains lava-flow field. The extent of the products from
each of the eruption centres (A- Bald Hill, B- Spring Hill, C- M1. Cottrell, D- One Tree Hill, E- Green Hill, F-
Greek Hill, G- Black Hill, H- Mt. Kororoit, I- Ryvan's Hill, J- Siony Hill, K- Mt. Atkinson) is shown. Aa lavas are
shown by a stippled pattern and pahoehoe lavas are plain. Lavas from eruption centres that are not exposed, or
are not within the Plains are various shades of grey. Each colour represents a single eruption package- generally
either a collection of pahochoe lobes or a single aa flow. Noie that inter-flow sediments anly oceur in the west

of the field area, and the vertical scale is exaggerated.

inflated pahoehoe lobes, sometimes with S-type pahochoe lobes in between, inferred to
represent a smoothing out of the local topography. It is considered that inflated pahoehoe
lavas were the dominant products due primarily to the flat nature of the substrate. These lavas
are not considered to have travelled exiensively laterally, either due to the shallow gradients,
or the flow-fronts encountering some sort of topographic barrier (such as the products of an
earlier eruption). Instead, break-outs of lava would have occurred from within earlier lobes

closer to the source (eg. Hon ef al. 1994), resulting in the building up of the lava fields
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vertically. Ponding of lavas in topographic depressions was rarely observed in the sequence,
however there is evidence of the lavas infilling irregularities and smoothing out the topography.
In drill hole TAR1?2 for example. a ponded lava occurs directly above a thin sedimentary
package (the lava is inferred to have ponded in a small valley), and directly overlying this is
an inflated pahoehoe lobe from the same cruption.

The aa lavas identified within the sequence are all considered to represent a thickened.
distal facies (due to the thickness of the flows and general lack of vesicles, Chapter 4). Aa
lavas have not previously been recognised or documented in the NVP (Cas 1989a), none are
exposed at the surface of the Werribee Plains, and of the 27 eruptions identified in the
magnetostratigraphy. only four produced aa lavas. Although a number of factors may have
contributed to aa flows being produced (eg. a higher degree of undercooling of the magma
prior to eruption (Sato 1995). relatively steep terrain (Lipman & Banks 1987).a higher magma
discharge rate (Rowland & Walker 1990). or a higher magmatic SiO, content (Kuntz ef
al.1992)). it seems that the most important of these was the slope of the substrate. Indeed, 1t
seems likely that the exceptional thicknesses of these flows are also a tunction of the slope, as
they would have thickened upon reaching the flatter plains. The two southernmost drill holes
are furthest from the Highlands sub-province, and these have no record of aa flows reaching
there. Only one transitional lava type was observed in the sequence and it is not clear why.
The composition of the lava is similar to other alkalic centres (eg. the adjacent Mt. Cottrell),
and the terrain is not likely to have been substantially different to what it is today. Possibly
the magma was significantly undercooled prior to eruption, as evidenced by higher crystallinity

lavas. and/ or the eruption rate was initially higher than at the other centres.

5.3.5 Lava dimensions

The average thickness of the pahochoe {low units (both S-type and P-type lobes)
observed in drill core in this study is 4.7 m (see section 5.5.2 for comparison with lavas in
other basaltic provinces). In outcrop they vary from lobate to more sheet-like morphologies,
and individual infated P-type lobes are up to 50-100 m wide. Aa flows were observed to be
much thicker than pahochoe lobes, ranging from 15.3-31.7 m thick, and averaging 22.5 m.
No aa flows are exposed at the surfuce of the Wemibee Plains. Eruption packages, commonly
containing a number of lobes average ~10-20 m in thickness. It was difficult to constrain how
the thicknesses of these packages vary with distance from the source, however they are clearly

variable. as there is evidence of the lavas infilling and locally smoothing out the topography.
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Lavas flowed up to ~25 km from individual eruption centres, however commonly the products
of a given eruption were more localised, and were intersected by only one diamond drill hole
{Chapter 4).

5.3.6 Controls on vent distribution, and is there evidence of migration of volcanism
within the Werribee Plains?

The orientation of the eruptive fissure systems appear to be controlled to some extent
by the orientation of pre-existing basement structures. In a number of instances volcanoes are
aligned, even though they are considered to have erupted at different times. The Anakies for
example are aligned along the NW-SE trending Lovely Banks Monocline. Large basement
structures studied in other basaltic fields have hosted numerous volcanic events over periods
of up to 1 Myr (Conway et al. 1997). Three dominant alignment trends were identified in the
Werribee Plains: NW-SE (considered to be a local structural trend), E-W (considered to reflect
structures associated with rifting and the break-up of Gondwana), and N-S (reflecting the
underlying Palaeozoic structural trend in the north of the Plains).

The relative (and absolute) timing of eruptions of most of the exposed eruption centres
in the Werribee Plains has been constrained (Chapter 4, Fig. 5.1). The eruption centres are
considered to be monogenetic (ie. erupted only once). The earliest eruption of an exposed
centre occurred at Ryan’s Hill/ Stony Hill in the far east of the Plains (2.5-2.6 Ma (McDougall
et al. 1966)). The products of fifteen eruptions that occurred prior to the eruption of this
centre are preserved in drill core in the magnetosiratigraphy. These were all fed either by
burjed centres, or by volcanoes that are beyond the boundaries of the Werribee Plains (eg. in
the Central Highlands sub-province, Fig. 5.5). It was not possible to identify the source
volcanoes of these eruptions. For this reason it is difficult to comment on whether there has
been a broad shift in magma generation within the Werribee Plains with time, such as has
been identified in the San Francisco and Springerville intra-plate basaltic piovinces (Tanaka
er al. 1986, Crumpler ef al. 1994). The surface geology reaily only gives a very limited
perspective of the overall volcanic evolution of the Plains. Based upon what is known of the
exposed centres, there is a general migration of volcanism to the west with time, from Ryan's
Hill/ Stony Hill to Mt. Cottreil, Kororoit and Black Hill, to Spring Hill and finally to One
Tree Hill (Fig. 5.1). The youngest eruption preserved however, is at Mt. Atkinson, which is
situated in the east of the Werribee Plains. Further work is required to clarify this, however

based upon the present results it appears that lava flow-fields were built up randomily throughout
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the Plains, their positions constrained only by pre-existing basement structures.

53.7 Geochemistry and compositional trends through time

A fundamental finding of this study is that the lavas producing the Werribee Plains
are the same composition as the eruption centres they were fed from (Chapter 4). It is not
possible therefore, to distinguish geochemically between plains basalts and the basalts that
form constructional features, as suggested, for example, by Price ef al. (1988). It has previously
been considered that the lava plains of the NVP are dominantly tholeiitic compared with the
constructional features which are dominantly alkalic and generally younger than the plains
lavas (Price et al. 1988). The scoria cones and shields exposed at the surface of the Werribee
Plains were produced by both alkalic and tholeiitic magmas, and all eruption centres fed
lavas of the same composition as the centre. More alkalic basalts have been identified than
tholeiijtes in the sub-surface (disregarding the unique Group 1 tholeiites), and both lava types
have been erupted in all major polarity intervals identified. No broad change in composition
of the eruptions with time was identified, and instead the production of the different types of
magma appears to be random throughout the sequence (Chapter 4). The alkalic and tholeiitic
magmas of the NVP are considered to be genetically unrelated; they are produced either by
different degrees of partial melting (eg. Frey ef al. 1978), or are sourced from different regions
of a chemically inhomogeneous mantle (Price ef al. 1997). Based upon the results of this
study, alkalic and tholeiitic magmas were generated randomly during the volcanism, rather
than there being a broad shift towards alkalic magma generation with time, as previously
thought. It is beyond the scope of this project to explore the petrogenesis of the basalts,

however further work may involve exploring the significance of this randoa distribution.

53.8 Eruption frequency and the likelihood of furthei: volcanic activity in the Werribee
Plains

Based upon the age constraints identified and the assumption that all major reversals
of the earth’s magnetic field are recorded in the sequence, the 27 eruptions identified in the
magnetostratigraphy occurred between ~3.2 and 1.41 Ma (Chapter «}). This gives an average
eruption frequency of onc eruption every 66,000 years in the Werribee Plains. This is considered
to be a minimum estimate, as the magnetostratigraphy was estabtished for a relatively small
part of the Plains (constraihed by the diamond drill hole distribution), and it is likely that

many other eruptions occurred that have not been identified. Based upon time-segmented
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Magnetic Chron Age (Ma) No. of eruptions | Eruption frequency
(1 eruption/ x kyrs)
Clhr2r 1.41-1.77 2 180
C2n - L77-195 1 ?
C2r.2r 2.15-2.58 7 6]
C2An.In 2.58-304 10 46
C2An.ir 3.04-3.11 6 12
C2An.2n 3.11-322 | 7
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analysis (Table 5.3), eruptions appear te have occurred less frequently with time in the Werribee
Plains. In order to look at the progressive change in frequency with time, the eruption frequency
was calculated for each yiagnetic polarity interval in which eruptions occurred. The frequency
changed from one eruption approximately every 12 Kyrs, to one every 46 kyrs, to one every
61 kyrs, and finally to one every 180 kyrs. It therefore appears that the repose time between
eruptions has been gradually increasing, and possibly the rate of magma generation and supply
decreasing. This observation needs to be treated cautiously however, as there were clearly
other eruptions occurring simuitaneously both in the Werribee Plains and in the rest of the
NVP, and this is a limited data set. Based upon the calculated overall averaze eruption frequency
in the Werribee Plains (one eruption every 66,000 years), and the timing of the most recent
eruption (1.41 Ma), one would not expect further volcanic activity to occur in the Plains.
Even when we take into account the apparent decrease in eruption frequency with time (Table
5.3), it does not seem likely that further activity will occur, as too long an interval has passed
since the most recent eruption.

Table 5.3 The eruption frequency is calculated separately for each magneric interval in which eruptions occurred
in the Werribee Plains, based upon the estabiished magnetostratigraphy (Chapter 4}. The age ranges of some of

the magnetic Chrons has been modified based upon known radiomerric ages for the eruptions (McDougall et al.
1966, Aziz-Ur-Rahman & McDougall 1972, Price et al. 1997).

53.9 Sedimentation: provenance, distribution and influences

Within the basaltic sequence of the Werribee Plains there are few inter-flow sediments,

"and these are largely confined to the NW of the Plains. Sediment supply was predominantly

from the topographically raised Palaeozoic highlands to the north and west of the field area,
AN-S wending ridge which was present in the centre of the Werribee Plains prior to volcanism
is considered to have prevented the sediments from being transported to the east of the Plains

throughout the period of volcanic activity (Chapter 4). Basaltic input into the sediments was
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extremely rare, and where it did occur it is inferred to have been transported soon after the
eruption. These sediments contain scoria and small basalt Iava fragments (from the spalling
off of lava flows). Reworking and redeposition of this unconsolidated material would have
occurred during heavy rainfall, and physical erosion of the lavas is not considered to have
occurred to a great extent. The general lack of physical erosion can in part be attributed to the
shallow gradient of the Werribee Plains, and also to the climate during volcanism, which was
dry and arid in the late Tertiary period to early Quaternary (Bowler 1982). Shallow weathering
profiles are typical of this period in south-eastern Australia. In contrast, the early Pliocene
was humid, and deep pallid, kaolinitic weathering profiles were common (Joyce 1998).
Chemical weathering of the basaltic lavas would have been the dominant process occurring
in the repose periods between eruptions, and relatively large volumes of rock would have

been removed in solution, in surface and groundwaters (eg. Cas 1989a).

54 THE WERRIBEE PLAINS: REPRESENTATIVE OF VOLCANISM IN THE
NEWER VOLCANIC PROVINCE?

This study has focussed on a relatively small part of the Newer Volcanic Province
(approximately 10% by area). In order to use the results of this study to make compazisons
with other basaltic provinces, the degree to which the Werribee Plains are represeniative of

volcanism in the entire NVP is investigatsd.

54.1 Eruption centres: types and dimensions

The dimensions of the eruption centres in the Werribee Plains (Chapter 4) are
considered to be typical of the dimensions of scoria cones and lava shields throughout the
NVP. The majority of volcanoes in the NVP are less than 300 ft (~100 m) above their bases
(Ollier & Joyce 1964), the lava shields have exposed maximum dimensions of 4-5 km (Cas et
al. 1993), and the scoria cones are from 1-1.5 km in diameter (Joyce 1988). It is therefore
considered that the eruption processes would have been comparable, and durations of eruptions
would have been of the same order of magnitude acioss the entire Province. The NVP has
been sub-divided into three sub-provinces (Chapter 1), and the types and distribution of
volcanic centres varies between {and within) these sub-provinces. This is largely due to the
differences in substrate geology and topography. Phreatomagmatic centres (maar volcanoes
and tuff rings) are largely confined to the southemn half of the Western Plains sub-province

and the Mt. Gambier sub-province. This is primarily due to the existence of aquifers in the
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underiying Tertiary Otway Basin succession (Joyce 1973), and the Oligocene-Miocene
Gambier Limestone (Cas er al. 1993) respectively. The Brighton Group of the Port Phillip
Basin is the substrate onto which the Werribee Plains lavas were erupted. It consists of
ferruginous clays and sands (Abele er af. 1988), and is not considered to host significant
aquifers, Likewise the Palaeozoic basement rocks to the north (beneath the Central Highlands
sub-province) are composed largely of granites and metasediments, and these are unlikely to
host significant aquifers. Evidence of phreatomagmatic activity is therefore almost completely
lacking in these places. The Central Highlands sub-province contains the highest density of
preserved eruption centres (250 of the 400 identified centres in a relatively small area, (Joyce
1975)). About 75% of the exposed scoria cones of the NVP, and more than 80% of the lava
shields are located in the Central Highlands sub-province (Nicholls & Joyce 1989). This sub-
province occurs in a dissected upland region consisting largely of Palacozoic meta-sediments
and granites. The higher number density of eruption centres may be due to better preservation
and exposure of the centres, as a result of lavas not subsequently burying them as occurs in
the flatter, Western Plains sub-province. Alternatively the Central Highlands sub-province
may have experienced more eruptions than elsewhere in the NVP due to a higher degree of
magma generation beneath this zone. Further work, including magnetostratigraphic studies
combined with additional radiometric dating, may help to clarify this point. The Mt. Gambier
sub-province, dominated by scoria cones and maars, contains very few lava shields (Cas et
“al. 1993). The lack of lava shields reflects the smaller volumes of magma feeding these
eruptions than elsewhere, although it is not known why this is the case. Further work could
involve investigating whether this is a trend that has developed in the more recent eruptions
(2 Ma-4.6 ka Mt. Gambier sub-province, Nicholls & Joyce 1989), compared with the earlier
volcanic activity (such as in the Werribee Plains (~3.2-1.41 Ma), where many lava shields

were generated).

54.2 Volcanic facies and thickness of basaltic succession

The range of volcanic facies produced at the eruption centres in the Werribee Plains,
the lengths and thicknesses of the lava flows, and the total thickness of the basaltic sequence
(average of 45 drili holes) are considered to be representative of the Western Plains sub-
province. There is no evidence of phreatomagmatic volcanism in the Werribee Plains however,
and this is common in the south of the sub;prox'incc. The distribution of volcanic products in

the Central Highlands sub-province is considered to be different to that observed in the Werribee
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Plains due to the difference in substrate (higher topographic relief, Palacozoic basement).
The production of aa lava flows is considered to generally be confined to this sub-province
(section 5.3.4), and few inflated pahochoe lavas would be expected due to the steeper slopes.
Due to the irregular, hilly topography, many valley-confined flows have been documented
(Cas er al. 1993), and the total thickness of the basaltic succession is difficult to estimate
without more detailed studies (although it is Jikely to be less on average than the thickness of
the Plains sub-province). The Mt. Gambier sub-province is considered to differ substantially
to the Werribee Plains as relatively few lava flows have been identified (Cas ef al. 1993); the
eruptions experienced here were typically smaller volume than the eruptions in the Werribee

Plains.

543 Eruption frequency

The eruption frequency calculated for the Werribee Plains is considered to be a
minimum value for the entire NVP (one eruption every 66,000 years). A number of eruptions
were occurring elsewhere in the province contemporaneously with the volcanism in the
Werribee Plains (eg. Price et al. 1997), even as far west as Warrnambool. As a simple illustration
of this, activity in the NVP proper commenced 4.6 Ma (Price et al. 1988). Over 400 volcanoes
are known in the Province (Joyce 1975), suggesting that an eruption occurred on average
every 11,500 years, and this does not take into account buried centres. The Werribee Plains
may thus have an anomalously low eruption frequency relative to the entire NVP. Further
work is required to determine how many other eruptions were occurring, the products of

which are no longer exposed, and/or haven’t been dated.

55  PLAINS-BASALT VOLCANISM EXPLORED
5.5.1 Flood-basalt provinces

The two main types of intra-plate continental basaltic provinces are monogenetic
volcano fields and flood-basalt provinces (Chapter 1, (Walker 2000)). Eruptions in flood-
basalt provinces occur primarily from fissure vent systems and lavas are emplaced on slopes
of < 0.1%. The lavas tend to drown any pre-existing topography, so forming a flat, plateau-
like morphology, without any evidence of sites of eruption. Huge volumes of magma are
generated in these systems, and individual flood-basalt provinces have estimated volumes of
up to 1 million km?, and cover areas of up to 500,000 km? (eg. the Deccan flood-basalt

province, India (Bondre ef al. submitted)). Aa lavas have rarely been identified in these
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provinces, and similarly the total pyroclastic content is very low (Self et al.1997). Instead,
flood-basalt provinces are dominated by sheet-like lavas with pahoehoe morphologies, which
are considered to have formed by endogenous growth (eg. Self er al. 1996, 1997, 1998,
Thordarson & Self 1998), much like Hawaiian pahoehoe lavas (Hon er al. 1994). The best
known example of a flood-basalt province is the Columbia River Plateau basalt system, U.S.A.
(Swanson et al. 1975, Camp et al. 1982, Hooper 1982, Reidel & Hooper 1989, Self et al.
1996). Other flood-basait provinces, including the Deccan Volecanic Province, India (Subbarao
& Sukheswala 1981, Beane er al. 1986, Khadri ef al. 1988, Duraiswami et al. 2001, Bondre
et al. submitted), the mid-Tertiary Ethiopian- Yemen plateaux (eg. Mohr 1983}, and the Jurassic

Karoo in South Africa (Bristow & Saggerson 1983) are less well known.

5.5.2 Monogenetic volcanic fields

Monogenetic volcanic fields contain a number of volcanic centres that erupt only
once. The eruption centres are most commonly scoria cones and lava shields and may be
clustered, or widely dispersed within a volcanic field (Connor & Conway 2000). The main
characteristics of selected intra-plate monogenetic basaltic volcanic fields from around the
world are summarised in Table 5.4. Monogenetic basaitic lava fields can be sub-divided into
two groups. (1) The smaller provinces are dominated by scoria cones (eg. Auckland, Auvergne,
Eifel, San Francisco, Springerville). These provinces have high eruption centre densities, and

are made up of frequent, relatively short-lived, small volume (generally less than 0.1 km’

(Crumpler et al. 1994)) éruptions. (2) The ESRP and the Australian volcanic provinces are

plains-basalt provinces, produced by a style of volcanism intermediate between continental
flood-basalt volcanism and ocean island volcanism (Chapter 1). These provinces are
significantly larger volumetrically than the scoria cone provinces, and contain many more
lava shields and lava cones. The size and types of eruption centres produced in monogenetic
basaltic fields is largely a function of the volume of magma supplied for each eruption. The
plains-basalt fields are characterised by larger volume eruptions, allowing the construction of

lava plains between the eruption centres. The eruption centres are preserved as topographic
highs throughout the field.

Table 54 {Facing page) A comparison of some of the main features of selected intra-plate, continental basaltic
lava fields from around the world, based upon previous work (Bohnel et al, 1982, Greeley 1982a, b, Bohnel et
al, 1987, Joyce 1988, Smith 1989, Stephenson 989, Kuntz et al, 1992, Crumpler et al. 1994, de Goer et al. 1994,
Condit & Commor 1996, Conway et al. 1997, Siephenson et al. 1998), and work from this study.

T AL B

i FanA A W e e e

B ey

Chapter 5: Evolution of the Werribee Plains

scoria cones;
minor

Basaltic Total basalt |No. Eruption centre Facies Period of main
Province areal extent  |eruption |dimensions, distribation volcanic activity,
and thickness |cenires |morphologies & (effusive, and eruption
relative proportions |pyroclastic) frequency
Newer 15000 km?, ~400 ~50% scoria cones-  |Predominantly 4.6 Ma-4.5 ka, min.
Volcanic av. thickness av. 1.3km*, 55 m effusive (>95% by |freq.
Province, <60 m high; ~40% low volume of drill 1/11 500 yrs
Victoria, shields- av. 12 km?, |core logged
Australia 65 m high; ~10% consisted of lava
maars & toff rings-  [flows).
av. 1-2 km diameter
Northern ~23000 km?, {>300 Low angle lava cones-|"very limited Main activity: 44
Queensland |av. thickness eg. 0.16 km*, 40 m  |pyrociastic Ma-Holocene, but
Cenozoic I0m high, shield activity” individual lava ficlds
basalric volcanoes, scoria (Stephenson ef al. |span <10 Myr. Up to
province, cones and few maars |1998) 1 Myr dormancy
Australia between eruptions
Auckland ~350 km? >130 Mostly scoria cones  |In Auckland City |I.56 Ma-1200 A.D.
intra-plate and tff rings, and lava field >70% of
volcanic few lava cones eruptive centres
province, are predominantly
New Zealand phreatomagmatic.
Chat ne des |~120 km?® ~75 Mostly scoria cones- jPredominantly 70-6 ka
Puys, av. 100-200 m high, [pyroclastic: lavas
Auvergne, 1.5 km diameter; generated by the
France maars- 100 m-1 km  |velcances not
diameter; extensive enough
trachyandesitic to form a lava
complexes flow-field.
Eifel,
Germany
West 600 km* 240 ~70% scoria cones [ Pyrociastic Main activity: 0.7-
(haif fed lava flows); |products dominant |0.01 Ma
30% maars & wff
rings
East 70 0.7 Ma-present
San 4,800 km?, >600 600 cinder cones Lavas dominant by [~6 Ma-1,065 A.D.
Francisco  |av. thickness commonly feeding volume
Sield, 00 m lava flows; 8 major
Arizona, silicic centres
USA,
Springerville |3.000 km?, >400 Mostly cinder cones- |{Mostly Java flows: }Main activity 2.1-0.3
volcanic av, thickness up to several hundred jpyroclastic Ma;
field, »90 m; up to metres relief, av. 1.0 |material ~10% of |freq.: 1/3.000 yrs
Arizona, 300 m thick km diameter; 2 shield [total volume
USA. where vent volcanoes; 5 maars; 4
: density is fissure vents; several
highest spatter mounds
Eastern 20,000 knv?, ~8000 (Lava shields- av. 100- [90% volume of  |Volcanism _
Snake River jav, thickness |lava 400 km?; lava cones- |products: commenced 10 Ma;
Plain 1-2 km shields  |1-50 km?, 10-30 m pahoehoe flows  |freq: 1/1,000 yrs
(ESRP}, high; scoria cones-  {from lava shields.
Idaho, 1km?, 100 m high; Aa flows, fissure- |>95% of surface
USA. and tuff cones type eruptions and |contains products <

730 ka
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General features of plains-basalt lava fields

Significant differences exist between the plains-basalt lava fields identified in Table
5.4 (the Australian provinces and the Eastern Snake River Plain, ESRP), in terms of the types
and sizes of eruption centres, the overall volume of products in the different provinces, and
the frequency of eruptions. These differences are considered to be related to the different
tectonic settings of the provinces, and the resultant magmatic processes operating (section
5.5.3). Importantly, each of these lava fields are charactcrised by numerous monogenetic,
point-source eruption centres which have fed significant lava flows. The lava flows have
progressively built up lava plains between the eruption centres, and similarities exist between
the different provinces in terms of the distribution and dimensions of the lava facies.

In the ESRP and the NVF pahoehoe lavas are the dominant lava facies produced.
They constitute 90% of the volume of products in the ESRP (Kuntz et al. 1992), and
approximately 70% of all fiow units logged in drill core from the Werribee Plains. The average
combined thickness of S-type and P-type pahoehoe flow units in the NVP is ~4.5 m. Flow
units from the ESRP are a similar thickness (average 1-5 m (Greeley 1982a)), and eruption
packages in the two provinces range from ~20 m to more than 35 m in thickness. Lava flows
of shield volcanoes in the ESRP extend up to 30 km from their vents (Kuntz ef al. 1992}, and
this order of magnitude has also been observed in the Werribee Plains (Chapter 4). These
i)ahochoe lobe dimensions are thicker on average than pahoehoe lobes in Hawaii, and thinner
than pahochoe lobes from the Columbia River Flood Basalt Province. In Hawaii pahoehoe
flow units range from 0.1-5 m thick, averaging 0.5 m (Wilmoth & Walker 1993). The main
reason for the significant difference in the average thickness of the pahoehoe lobes in Hawaii
and the plains-basalt provinces is considered to be the slope of the substrate. The slopes of the
Hawatian volcanoes are relatively steep, compared with the flat plains in the continental
provinces studied. Thus in Hawaii inflation of the lobes is restricted to the coastal plains, and
on average thinner lobes are produced. In addition, there imay have been a bias in data collection
in Hawaii to include mainly the thinner flows that are presently exposed. In contrast, pahoehoe
flows from the Columbia River Flood Basalt Province are commonly 10-100 m thick
(Thordarson & Self 1998). The Roza Member is a single eruption package and ranges in
thickness from 11.5-67 m, averaging 36 m. Individual lobes are 0.4-52 m thick, and average

16.7 m (Thordarson & Self 1998). The thickness of these lobes are a reflection of the total

volume of magma generated and erupted, and this eruption alone covered an area of 40,300

km? (almost three times the area of the NVP).
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Aa flows are less common in plains-basalt provinces. Aa flows observed in the NVP
range from 15.3-31.7 m thick, and average 22.5 m. They are slightly thinner in the ESRP,
where they are commonly 5-15 m thick, although up to 50 m where ponded (Kuntz ef al.
1992). This may be due to the inferred sampling bias in the NVP, as only the thick, distal
facies is considered to have been observed in the Werribee Plains (section 5.4.2). Aa flows in
the ESRP may be several kilometres wide, and several tens of kilometres long. Again it is
considered that thicker flows on average are produced in continental plains-basalt provinces
than in other basaltic fields due to the relatively flat topography. In Hawaii, the average aa
flow thickness is 6 m, and the maximum thickness is 24 m, based upon results of the Hawaiian
Scientific Drilling Program (Cashman et al. 1996). At Mt. Etna the thicknesses of historic aa
flows range from 1.5-22 m, and most are 8-11 m (Kilburn 1988).Ina number of aa-producing
eruptions, it has been observed that as the slope of the substrate flattens out away from the
vent, the more distal facies is able to thicken and spread laterally, and commonly it is
significantly thicker than the proximal facies (eg. Guest ez al. 1987, Lipman & Banks 1987,
Rowland & Walker 1988, Walker 1993). The distal facies in these instances is commonly
greater than 10 m thick. In plains-basalt provinces where the vents may be closer to the
surrounding plains, a facies that has similar characteristics to the distal facies in Hawaii or at
Mit. Etna may be more abundant, and in fact may be more characteristic of aa flows in these
provinces. Aa lavas have rarely been identified in continental flood-basalt provinces (Self er
al. 1997). This may be due to the lack of elevated topography in the vent region, which is
considered to contribute to the formation of aa lavas rather than pahoehoe, by resulting in

higher volumetric flow rates of the lavas (Rowland & Walker 1990).

553 Tectonic settings and stress regimes in intra-plate continental basaltic provinces

Intra-plate continental volcanism is found in three main tectonic settings (Cas 1989b).
(1) Rifting or newly rifted continents. Examples include the East African Rift system (eg.
Mohr 1983), the Deccan Traps (Subbarao & Sukheswala 1981), and Karoo volcanism (Bristow
& Saggerson 1983). Volcanism in this tectonic setting takes place under the influence of an
extensional lithospheric stress field. There are two distinct types of volcanism associated
with this tectonic setting. First, flood-basalt volcanism affects areas marginal to and beyond
the rift. Second, where a narrow rift is well developed such as in East Africa, bimodal volcanism

occurs within the rift valley.
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(2) Basin-and-range provinces. The type example in the western United States is inland from,
and closely associated with an active plate margin, the major transcurrent-transform San
Andreas fault system (Cas 1989b). Diiferent hypotheses for the origin of the extension and
volcanism associated with the Basin and Range province include the transtensional effects of
the San Andreas fault system, the effects of a subducted segment of the East Pacific spreading
ridge underneath the North American continent, and continental backarc spreading (eg. Eatcn
1982). Volcanism associated with the Basin and Range province includes flood-basalt
volcanism (the Columbia River Plateau), plains-basalt volcanism (the Snake River Plain),
scoria cone-dominated fields (the Springerville and San Francisco fields) and central-volcano
type volcanism. Each of these volcanic province types are considered to have been produced
as a result of regional extensional strain, which causes elevation of mantle isotherms, with
adiabatic upwelling and melting of the mantle (eg. Fitton et al. 1988). The Northland and
Auckland volcanic provinces in New Zealand are in an area of possible extension around and
behind the present arc system of the North Island (eg. Walcott 1984). There may be some
similarities with the setting of basin-and-range related volcanism, including the fact that the
arc system to the east of the Northland-Auckland province is within the influence of the
transcurrent-transform plate margin of the Alpine Fault (Cas 1989b). However, the scale of

voicanism is greatly different, and basin-and-range style horst-and-graben topography is absent.

(3) Intra-plate continental volcanism well away from the influence of active plate margins.
Two types of volcanism can be recognised in this category. First are the lines of volcanoes
believed to be related to the passage of lithosphere over some form of mantle hotspot or
hotline (eg. central-volcano‘ magmatism in eastern Australia (Wellman & McDougall 1974),
Chapter 1). Second is the volcanism that develops on the uplifted flanks of some rifted
continental margins after periods of rifting and sea-floor spreading. The Newer Volcanic
Province and other dominantly mafic, lava-field type volcanic provinces in eastern Australia
are considered to be related to post-rifting uplift (Cas 1989b, Chapter 1). The rise of magma
through the crust is facilitated most readily by the existence of an extensional stress field in
the lithosphere (Shaw 1980). Rifting associated with the break-up of Gondwana commenced
in the early Cretaceous (Miiller e al. 2000), however since around 10 Ma (Sutherland 1998)
the stress field in south-eastern Australia has been compressional (Denham e al. 1979). 1t is,
as yet, unresolved how the NVP could form entirely within a compressional stress regime,

and this is a recommended area for further work.
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6.1
6.1.1

CHAPTER 6

ConNcLUSIONS AND DISCUSSION

MAJOR CONCLUSIONS OF THE STUDY

The interiors of pahoehoe and aa lava flows (Chapter 2)

P-type pzhochoe lobes were observed to consistently contain dense, non-vesicular
cores, and many contain segregation veins. In contrast, vesicles are dispersed
throughout aa lavas, and no segregation veins were observed. These features are
considered to be related to the differences in viscosity between the two lava types.
Vesicles (and any segregation material) are prevented from rising through more viscous

aa lava flows.

Petrographic textural zonations were found to be different in pahoehoe and aa flows.
Variations in the size of groundmass plagioclase laths through individual flows gives
information about the relative cooling rates throughout the flows. Plagioclase grain-
sizes consistently increase towards the centre of P-type pahoehoe lobes, reflecting a
lower cooling rate in the interior than the margins. Aa flows demonstrate consistently
uniform plagioclase grain-sizes throughout all flows analysed; they are always smaller
than plagioclase grains in pahoehoe flows, but more numerous, thus resulting in higher
plagioclase number densities than pahoehoe flows. This is considered to be due to the
physical mixing process that occurs during emplacement of aa flows, which enhances

cooling and crystal nucleation rates throughout the flow.

Pahoehoe and aa flows were found to be compositionally homogeneous through vertical
compositional profiles, apart from local geochemical anomalies. The small
geochemical anomalies have been attributed to locally variable phenocryst contents,
and/or differences in the cooling histories of adjacent samples. The cooling rate of the
lava affects the order of nucleation of the constituent minerals, which is locally reflected
in the geochemistry by a relative depletion or enrichment of certain elements. Further
work is required to better characterise the significance of these anomalies in terms of

emplacement and ci'ystallisation processes of the different lavas.
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The distinctive emplacement style of aa lavas, and the resulting surface morphology
and internal structure, can be attributed to the higher viscosity of these lavas compared
with pahoehoe lavas. The higher viscosity is probably related to the higher crystallinity
of these lavas, either upon eruption {due to a higher degree of undercooling prior to
eruption), or that has developed during cooling and emplacement of the lava (resulting
in the transition from pahoehoe to aa). Once a threshold viscosity has been reached,
the Java will begin to autobrecciate and propagate as aa. This threshold viscosity is
not a unique :3'ue, but is related to the rate of shear strain of the lava, which is
influenced by the veloc:v of the lava flow (related to volumetric flow rate, slope of
the substrate, local topograp/ic irregularities etc.). Aa lavas are commonly higher
velocity flows than pahoehoe, and this is considered to be related to the generally
high discharge rates of aa-forming eruptions (Macdonald 1953, Rowland & Walker
1990). Once the lava begins to propagate by autobrecciation, it no longer cools by
conduction, but is dominated by a physical mixing process, involving entrainment of
clasts and cooler material into the core of the flow. Based upon observed vesiculation
patterns and petrographic textural zonations in this study, it appears that upon stagnation
of an aa lava flow, the majority of the flow has already crystallised, and the interior of

the flow may not cool significantly more slowly than the margins (cf. pahoehoe flows).

6.1.2 The facies architecture and magnetostratigraphy of the Cenozoic, Werribee Plains
basaltic lava flow-field (Chapters 3 & 4)

Inflated pahoehoe iavas are the dominant volcanic facies present in the Werribee Plains,
constituting ~65% of all flow units logged in diamond drill core. These flow units are
~1.5 m thick on average, and the abundance of this facies has implications for both
the palaeotopography prior to volcanism, and the evolution of the Plains, as inflation
of pahoehoe lava flows only occurs on gentle slopes, less than 2° (Cashman &
Kauahikaua 1997). Other lava facies identified include S-type pahoehoe flows, ponded
lavas, distai facies aa flows and transitional lava flows. These appear to be randomly

dispersed throughout the sequence.

Sedimentation within the Werribee Plains during volcanism was almost entirely

restricted to the north-west of the field area. The sediments are mainly composed of
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Palaeozoic bedrock from the elevated highlands to the north and west. Sediments
were prevented from being transported to the east of the field area due to the presence
of a~N-$ trending palaeo-ridge in the centre of the area. This ridge was identified, by
compiling a map of the palacotopography prior to volcanism. There is very little
evidence of volcanic material within the inter-flow sediments due to limited weathering
and erosion of the basalt between eruptions, as a result of the onset of arid climatic

conditions in the late Tertiary.

The primary remanent magnetisation (the inclination of the geomagnetic field during
emplacement of the lavas) was identified by demagnetisation experiments in most
lava flow units identified in diamond drill core. Some samples were discarded from
the magnetostratigraphic study, as they were palacomagnetically unstable. These
samples were found to be dominated by multi-domain grains with pinned domain
walls. The secondary overprinting magnetisation thus persisted to high demagnetisation
levels, preventing isolation of the primary remanence. It is considered that the primary
remanent magnetisation of two samples per flow is representative of the inclination

of the magnetic field during emplacement of that lava flow.

In five out of nine of the diamond drill holes analysed, a simple reverse polarity,
normal, reverse stratigraphy is evident, and this is considered to be correlatable between
each of these holes. Based upon available age constraints (eg. previously obtained K-
Ar radiometric ages), these magnetic intervals occur within the Gauss and Matuyama
Chrons. In one drill hole (PYW?7) an additional normal polarity interval is preserved
at the base of the sequence, and this is considered to represent the oldest lavas
intersected by the drill holes. It corresponds to the C2An.2n Chron, which occurred
between 3.11 and 3.22 Ma (Cande & Kent 1995).

The products of twenty-seven eruptions have been identified in the
magnetostratigraphy, which was established for a refatively small part of the Werribee
Plains, the area of which was constrained by the diamond drill hole distribution.
Eruption packages considered to be correlatable between drill holes have the same

magnetic polarity; are close to within error limits of the average inclination value of
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that package; are geochemically and petrographically similar; are the same, or related
volcanic facies allowing for topographic constraints; and are reasonably separated in
terms of palacotopography, other drill holes and likely lengths of flows (ba-.*d upon

airborne magnetic and radiometric images, and surface geochemistry).

A minimum eruption frequency for the Werribee Plains was calculated to be one
eruption every 66,000 years, from the commencement of volcanism (~3.2 Ma) to the
most recent eruption of Mt. Atkinson (1.41 Ma). Other eruptions are known to have
occurred within the Plains, however due to a lack of age constraints they are not

included in this stratigraphy.

The sub-surface basalts of the Werribee Plains are difficult to date. The lavas that
occur at depth in the sequence are pervasively altered, probably due to groundwater
interaction and cre unsuitable for K-Ar dating, the technique which has conventional ly
been used to date the products of the NVP (eg. McDougall er al. 1966, Aziz-Ur-
Rahman & McDougall 1972, Price ef al. 1997). Many different dating techniques
were explored, and “Ar/®Ar dating of plagioclase phenocrysts extracted from the
basalt was found to be the most suitabie technique. Few of the lavas have plagioclase
phenocrysts, so only one sample was available for dating at a late stage in the study,

and unfortunately the results are not yet available.

6.1.3 The palaeovolcanology and evolution of the Cenozoic, Werribee Plains basaltic
lava flow-field (Chapter 5)

Prior to volcanism in the Werribee Plains, continental fluvial erosion and sedimentation
was occurring in the area, producing local topographic highs and lows. Significant
topographic relief probably already existed particularly to the west of the field area,
due to uplift of the highlands along the Rowsley Fault (Kosciusko uplift). The final
stage of uplift is considered to have begun in the middle Miocene (Wellman 1974).
Sediments were transported fom the highlands into the Werribee Plains by easterly

flowing rivers throughout the volcanic activity.

Volcanism in the Werribee Plains began during late stages of the 3.8 Ma eustatic
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regression. All eruptions are considered to have commenced with the opening of an
eruptive fissure. The eruption centres are monogenetic, small volume scoria cones
and low lava shields produced by Strombolian explosive eruptions and Hawaiian
fire-fountaining (respectively). This was commonly followed by a period of passive
outpouring of lava. Scoria cone eruptions probably lasted days to weeks, whereas the
lava shields were calculated to erupt for several months on average, based upon the

rates of inflation of P-type pahochoe lobes.

Although most eruptions appear to have been small volume (the products intersected
by only one drill hole), both scoria cones and lava shields have been observed to have
fed significant lava flows. In each instance the flows are the same composition as the
eruption centre that fed them, and no trend was identified in terms of a broad change
in composition of the Javas with time, contrary to previous generalisations for the
NVP (eg. Price er al. 1988). Tholeiitic and alkalic basalts are intercalated throughout

the history of the succession.

Within the Werribee Plains there is no evidence of a general geographical shift in
magma generation with time. Relatively small lava flow-fields appear to have
progressively built up in a random distribution in the Plains. There is evidence that in
some cases the distribution of volcanoes was controlled by preferential magma rise

along pre-existing basement structures.

Aa lavas have not previously been recognised in the NVP (Cas 1989), however they
were identified in drill core in this study. The aa flows are anomalously thick (average
22.5 m thick), are restricted to the north of the field area, and are considered to have
been produced by volcanoes in the Central Highlands sub-province. They were
probably initially produced as a result of the steeper terrain in the highlands, and

thickened upon reaching the fiatter topography of the Werribee Plains. )

The cumulative result of the Javas of the many eruptions was a general smoothing out
of the topography. The present topography of the Wesribee Plains is relatively flat,

punctuated only by the positive relief-eruption centres that are exposed. The landscape




et R LA e s aer sl o o =

B 0 P S S S U S

et e

B LT i e s bR - -

e e et e eares

Chapter 6: Conclusions

has therefore changed from one marked by erosional downcutting, to the positive
relief constructional landscape resuiting from volcanism. Limited recent erosion is

beginning to re-establish erosional landforms.

The NVP is intermediate in terms of size of individual eruption centres, and total
volume of products between small volume continentai basaltic fields (eg. Auckland,
Auvergre, Eifel, San Francisco, Springerville) and large volume fields (the Eastern
Snake River Plain). The main control on the type of lava-field produced is considered
to be the volumie of magma generated for each eruption. On average, plains-basait
lava fields have greater volumes of lava produced for each eruption than other
monogenetic basaltic fields. This results in the construction of lava plains in between
the eruption centres. The vuIlnme of magma generated during volcanism is related to

the tectonic setting and prevailing stress field in which the volcanism is occurring.

The average pahoehoe and aa flew thicknesses in plains-basalt provinces were found
to be significantly thicker than flows in Hawaii and at Mt. Etna, and thinner than

flows in continental flood basalt provinces. The greater thickness of continental flood

" basalt lavas is considered to reflect the significantly greater volumes and rates of the

eruptions. The main control on flow thickness elsewhere appears to be the slope of
the substrate. Lavas are able to thicken in plains-basait provinces on the gently sloping
plains, either by endogerious growth or by lateral spreading and thickening of the
flow-front of aa flows. The slopes of the flanks of large shields and stratovolcanoes
prevent thickenir g of the lavas from occusring to the same extent, resulting in thinner

lavas on average, apparently regardless of the volume of the eruption.

Aminimum eruption frequency for the NVP (one eruption every 11,500 years) appears
to be substantially less than eruption frequencies in other continental basaltic provinces.

Further work is required to explore why this may be the case.
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62 IMPLICATIONS OF THE STUDY AND FURTHER WORK
6.2.1 The interiors of pahoehoe and aa lava flows: emplacement and crystallisation
processes of basaltic lava flows
The study of the interiors of basaltic lavas has been useful in better characterising the
different end-member lava types. The presence of vesicle trains towards the base of the UVZ
of P-type pahoehoe lobes for example, was found to be unique to lavas that have formed by
inflation. These can potentially be used in conjunction with other criteria to distinguish between
lavas that have formed by inflation and lavas that have ponded in a topographic depression
(eg. Cashman & Kauahikaua 1997). Vesicle trains are considered to be a valuable identifier
of these flows in ancient terrains, where weathering and erosion has occurred and the
normalised UVZ has been modiited; and in diamond drill core, where horizontal vesicle
zones are less easily identifiable than in outcrop. Identifying pahoehoe flows that have formed
by inflation has implications for the slope of the substrate, as they only form on slopes of <2°
(Hon er al. 1994, Cashman & Kauahikaua 1997). Again, this may be of particular interest in
ancient terrains, when exploring the palacogeography for example. Criteria were identified
to distinguish between pahoehoe and aa lavas in drill core and petrographically. Although
some of these criteria have already been recognised, this is a more comprehensive study than
has previously been performed, particularly in terms of recognising variations in textures and
vesicle zonations throughout individual flows. Generalisations have been made about the
interiors of pahoehoe and aa flows that can be applied in other basaltic provinces to explore
the distribution of volcanic facies, and to gain a better understanding of the evolution of the
lava fields.

The most useful textural parameter used to compare pahochoe and aa flows was found
to be the groundmass plagioclase grain-sizes. Although it has previously been recognised
that aa flows have higher plagioclase groundmass number densities than pahoehoe flows (eg.
Sato 1995, Cashman et al. 1999, Polacci et al. 1999), these observations were based upon
analysing surface samples of the flows. This is the first attempt to compare trends in groundmass
grain-sizes and number densities throughout individual pahoehoe and aa flows. The results
suggest thai contrary to our present understanding of aa flows, the interiors may not cool
slowly by conduction (eg. Cashman er al. 1999). It was beneficial to do this comprehensive
study of all groundmass textural features in the different lava flows, however unfortunately
due to time constraints, relaﬁvcly few flows were studied petrographically. In order to check

whether the trends identified are consistent or not among pahoehoe and aa flows, it would be
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valuable to study many more flows. Further work should concentrate on trends in groundmass
nlagioclase grain-size variations through the flows. This seems to give the best indication of
the relative cooling rates. In addition, it would be interesting to do a more detailed study of
the geochemistry of the flows by increasing the number of samples taken per flow. The flows
analysed were found to be generally compositionally homogeneous, however local anomalies
were identified which would be interesting to explore. Combining this geochemical study
with analysis of the phenocryst content for example, may give insight into crystal settling
processes within the lava flows (eg. Rowland & Walker 1987, 1988). It would also be useful
to combine the results of vertical compositional and textural profiles with microprobe studies
of the compositions of the different minerals, to see how these vary through the lava flows.
Despite the fact that ultramafic komatiite lavas are restricted to Archaean and
Proterozoic terrains and are commonly metamorphosed and poly-deformed, the internal
textural and compositional zonations within these lavas have been well constrained (eg. Pyke
et al. 1973, Amdt et al. 1977, Arndt 1986, Renner er al. 1994, Grove et al. 1997). Different
types of komatiites have been identified, however the lavas are classically subdivided into an
upper spinifex A zone (low MgO), and a lower cumulate B zone (high MgO) (Pyke er al.
1973). This study has confirmed that basaltic lavas do not demonstrate such marked textural
and con}positional variations through individual flows. The main reason for the internal
differences between komatiites and basalts is considered to be the different viscosities of
these two lava types. Komatiite lava viscosities are considered to have ranged from0.1-10 Pa
s, and basalt viscosities are generally more than 50 Pa s (Huppert et al. 1984). The difference
in the viscosities of the lavas is related to the different eruption temperatures and initial
compositions. Komatiites erupted at around 1400-1700°C with MgO contents of 18-35%,
whereas the hottest basalts erupt at 1200°C and have MgO contents of less than 10-12%
(Arndt & Nisbet 1982). At the lower temperatures at which basaits are being emplaced, the
growth of abundant microlites is likely to increase the relative viscosity of the lava (compared
with komatiites), and prevent significant crystal settling. On the other hand, crystals that
have formed prior to eruption and during emplacement of komatiite lavas (eg. Jerram et al.
submitted) are considered to settle with relative ease through the low viscosity lavas, resulting
in texturally and chemically distinct zones. This effect is enhanced by the density differences
of the crystals that form in the two types of lavas. Komatiites are dominated by olivines,
which are m3oie dense than the plagioclase laths that constitute the bulk of the groundmass in

basalts. Furthermore, preserved komatiite lavar, were emplaced in subaqueous environments,
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resulting in higher cooling differentials from the margins of the flows than those experienced
by subaerial basalts. This is considered to have contributed to the formation of quench spinifex

textures in komatiites (eg. Lofgren 1980, Shore & Fowler 1999).

6.2.2 The Newer Volcanic Province
Much of the previous work within the Newer Volcanic Province has been very focussed
in terms of using a single discipline to investigate or describe an aspect of the geology (eg.
using geochemistry or geochronology or geomorphology). Price ef al. (1997) were the firstto
begin compiling existing geochemical and geochronological data, and combined it with new
data to investigate the entire Western Plains sub-province. Due to the large scale of the area
being investigated, and the primary interest of the Price er al. (1997) study being peirogenetic
processes, the stratigraphic domains identified were not put into a volcanic context, in terms
of identifying the eruption centres from which the lavas were fed. This study goes a step
further, by taking an inter-disciplinary approach to the investigation of a relatively small area
within the NVP, the Werribee Plains. Existing data sets (aitbome geophysical data, geochemical
data for surface samples, geophysical well data, radiometric ages) were interpreted/analysed
and combined with new data collected in this study (from diamond drill core logging, fieldwork,
petrographic studies, geochemistry, palacomagnetic studies, radiometric dating), and a
magnetostratigraphy established. Importantly, it is the first time that the limited surface data
has been combined with sub-surface data, to put the surface results into some sort of context.
This stratigraphy was used to investigate the palacovolcanology and evolution of the Werribee
Plains, and to make general comments about plains-basait volcanism, and the formation of
the NVP.

The main interest of many studies of the NVP has been the gsochemistry and
petrogenesis of the magmas (eg. Edwards 1938, Irving & Green 1976, Frey er al. 1978,
McDonough et al. 1985, Price et al. 1997, Vogel & Keays 1997). Based upon these studies, it
is widely accepted that the lava plains of the NVP are dominantly tholeiitic or chemically
transitional, and the volcanic centres, or constructional volcanic features are dominantly alkalic
(Price er al. 1988). It is also considered that the constructional volcanic features are younger
than most of the lava flows covering the western plains (Price et ai. 1988). These two
assumptions have formed the basis for petrogenetic models, which ultimately aim to understand
and explain the processes involved in the intra-plate volcanism. In this study, it was found

that the valcanic centres are both alkalic and tholeiitic in composition, and more importantly
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perhaps, that the centres (both scoria cones and lava shields) feed the javas that form the lava
plains. Thus it is unreasonable to conclude that the plains are largely a different age and
composition to the eruption centres. Furthermore, based upon this study there does not appear
to have been a broad change in composition of magmas with time, but instead tholeiitic and
alkalic lavas are intercalated throughout the stratigraphy.

The stratigraphy established in the Werribee Plains provides an ideal framework in
which further petrogenetic studies can be undertaken. By applying this integrated
methodological approach to other areas of the NVP, existing radiometric ages can also be put
into a stratigraphic context. A significant finding of this study is that there are many buried
eruption centres in the Werribee Plains (and therefore probably elsewhere in the Newer Volcanic
Province), and the sub-smiface geology is very complex. In the past, conclusions have been
drawn about trends in volcanism in the NVP based upon limited surface radiometric ages (eg.
Joyce 1975). Further geochronological studies interpreted in terms of the stratigraphy would
be useful for gaining a better understanding of the evolution of the NVP, and of the processes
operating in plains-basalt provinces. Issues such as whether there has been a major shift in
the locus of magma generation with time could be addressed, and better estimates of the
eruption frequency in this plains-basalt province obtained. More geochronological studies on
sub-surface samples would be bereficial. However, until new techniques are developed, this

will be limited to the relatively small proportion of lavas that contain plagioclase phenocrysts
(for “Ar/°Ar dating).

6.2.3 Other basaltic provinces

The techniques developed in this study could well be applied to other basaltic provinces,
so as 1o better understand their evolution. As has previously been mentioned, the
characterisation of the internal features of the different volcanic facies, particularly in drill
core can be readily applied to other basaltic terrains. The distribution of lava facies is commonly
overlooked when describing the geology of a basaltic province (eg. it has not been properly
addressed before in the NVP), however it can provide insight into emplacement processes,
the palaeotopography, and the general evolution of a field. Although a great deal of
understanding can be gained from studying the surfaces of basaltic provinces that are well
exposed, it 1s invaluable to be able to link this with sub-surface data, such as from drill core.
Geophysical well logs are a tcol which also could potentially be of more use in basaltic

terrains. It has been demonstrated in this study that the geophysical response of basalt is
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distinctive, and it was therefore straightforward to map the extent of basalt beneath the surface
of the Werribee Plains. In some instances volcanic facies were identified within the basaltic
sequence (aa lavas and packages of pahoehoe flows), based upon their known internal
characteristics and resulting geophysical responses. Further work is recommended te refine
this technique, particularly where both diamond drill core and geophysical wells are available.
In terrains where exposure is not so good (such as the NVP), airborne geophysical data sets
were found to be useful in mapping the extent of lava flows. Further work is again
recommended to develop the interpretation of these images, particularly isolating the products
of different centres using radiometric images.

The palacomagnetic studies were a fundamental part of being able to establish a
stratigraphy in the Werribee Plains. Establishing magnetostratigraphies in other parts of the
NVP, and other basaltic terrains is considered to be worthwhile in order to gain a better
understanding of these provinces. A degree of trial and error was involved in terms of methods
used in the palacomagnetic studies here, as there is little information in the literature about
sitnilar studies. Some recommendations for further studies in basaltic terrains based upon the
work in this study are listed. Firstly, it was found that it was best to sample close to flow
boundaries, while avoiding the very margins of the flows and any oxidised material. Sampling
the centres of flows should be avoided, as the titanomagnetites were found to be coarse-
grained (multi-domain), and it was difficult to isolate a primary remanent magnetisation isn
these samples. A useful exercise prior to commencing demagnetisation, would be to calculate
the Konigsberger ratio (Q) for ali samples. This gives a rough indication of the relative
proportion of induced and remanent magnetisation present in a sample (Dunlop & Ozdemir
1997), and simply involves measuring the remanent magnetisation prior to demagnetisation
and the magnetic susceptibility. In this study all samples with Q values less than 2 were
discarded from the magnetostratigraphic studies, however it would save time if these were
discarded prior to demagnetising the samples. Although more time-consuming than the AF
demagnetisation technique, thermal demagnetisation tended to yield more reliable results.
This is particularly important when making correlations based upon secular variations, and
this technique is recommended for future studies.

Ideally, it would have been useful if the diamond drill holes were spaced more closely
together in this study, however we had no control of this. The products of a number of eruptions
were intersected by only one drill hole, suggesting that there were many other eruptions that

occurred in the vicinity of the magnetostratigraphy, that were not incorporated. For this reason,
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the eruption frequency calculated was a minimum estimate. It is significantly lower than the
frequency calculated for tiie entire NVP, based upon the number of exposed eruption centres
and the known time interval over which volcanism has been occurring (Chapter 5). It is
difficult to know how to address this problem, because increasing the sampling spacing at the
surface of a province like this would not help, as there are many buried eruption centres.
Determining the eruption frequency based upon a magnetostratigraphy would tend-to work
better in continental flood basalt provinces, where the eruption packages are regionally

correlatable, and the products of most (if not all) eruptions are included.

6.24 Economic implications

The basalt of the Werribee Plains (and elsewhere in the NVP) has been fairly
extensively quarried for building materials and crushed rock for a variety of uses. In 1995
nine million tonnes of basalt were extracted from the area immediately north and west of
Melbcurne (Olshina & Jiricek 1996). The demand is still very high for basalt with high
mechanical strength, ie. unaltered, non-vesicular basalt. Inflated pahoehoe flows are the
dominant lava facies in the Werribee Plains, however the UVZ (upper vesicular zone) of each
of these lobes comprises about 50% the lobe, and this material is not as mechanically strong
as non-vesicular basalt. Aa lava flows have not previously been recognised in the NVP, and
within the Werribee Plains they were not observed at the surface. A number of sub-surface aa
lavas were identified however, and each is considered to represent a thick (average ~22 m),
very weakly vesicular, distal facies. In one drill hole an za lava flow was located within a few
metres of the surface (DERS-). Aa lavas such as this one, that are located close to the surface
and are not significantly weathered and altered, could potentially provide an excellent source
of high mechanical strength basalt. Aa flows in the ESRP, another plains-basalt province are
up to several kilometres wide, and several tens of kilometres long (Kuntz er af. 1992). It is
recommended that the aa flows, identified using the criteria recognised in this study, be an

exploration target for companies in the basalt extraction industry.
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APPENDIX A

X-RAY FLUORESCENCE (XRF) SAMPLE PREPARATION AND
ANALYTICAL PROCEDURES

At Monash University rock samples were crushed in a steel jaw crusher to small (~1-2 cm)
chips. Samples were then powdered in soft Fe ringmilis for 2 mirutes, or until the samples

had the consistency of fine talcum powder.

The University of Melbourne

Sample preparation procedure

Both major and trace elements were analysed on a single 5:1 lithinm metaborate: rock powder
fused bead. For each analysis 1.0 g of rock powder was weighed into a glass mixing jar with
5.0 g of pure lithium metaborate, additional aramonium nitrate oxidant, and mixed well.
Fusion to 1000°C in platinum-gold crucibles was conducted in a Bradway furnace. Samples
were weighed, loss on ignition (LOI) was calculated, and the samples were re-melted before
final casting in graphite moulds. The technique used to prepare the glass discs is a modification
of that described by Haukka & Thomas (1977) and Thomas & aukka (1978).

Analytical equipment and corrections

A Siemens SRS3000 sequential X-ray fluorescence spectrophotometer was used for the
analyses, driven by hardware and software. X{-rays were generated by a Rh-anode tube,
diffracted using LiF100, LiF110, OVOS5 and PET crystais, and detected by either or both
scintiliation or argon flow count detectors. Each element analysis was fully corrected for line
interference and matrix effects of all the other analysed elements. Matrix corrections were
determined by duplicate preparation of 64 certified reference and spec-pure synthetic samples,
and using the Lachance-Traill aigorithm provided by the Siemens empirical alpha correction
programme Spectra3000. The alphas used were dominantly theoretical and experimentai with

provision for regression based aiphas (eg. for LOI).

Accuracy and precision
For every batch of analyses, one DCB-1 in-house standard basalt, and one CGD-1 in-house

standard granite were analysed. This allowed for calculation of accuracy. Also, for every 20
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samples at least one sample was repeated. This provided a measure of the reproducibility or
precision of the analytical procedure. Machine drift was monitored for, and corrected, by the
routine running of a commercial monitor sample containing appropriate levels of all elements
of interest. Generally the major oxides have a detection limit o 0.01 % and a relative accuracy
of 0.5 % by the fused glass disc method, while the figures for the trace elements are 2-10 ppm

and 5 % respectively,

The University of New South Wales

Sample preparation: Major elements

Glass sample buttons were prepared using ~4.5g flux, 0.84g of powdered sample and 0.06g
ammonium nitrate. The fusion mixture used for fluxing samples was the Sigma X-ray Flux
(Norrish Formula) marketed by David Brown Scientific, Osborne Park, Western Australia. It
is composed of lithium tetraborate (47 % by weight), lithium carbonate (36.6 %) and lanthat;um
oxide (16.4 %). For each sample, the mixture was heated in a platinum-gold crucible for 15
minutes at 1050°C until the specimen had dissolved and effervescence ceased. The melt was
poured into a graphite disc, and held on a hot plate at ~220°C. An aluminium plunger was
brought down gently to mould and quench the melt. For further details refer to the study by
Norrish & Huiton (1969). The LOI figures used in the matrix correction calculations to derive
“as-received” concentrations were determined by heating a portion of each sample at 1050°C

for ~2 hours.

Trace elements

Pressed powder pellets were made to analyse the trace elements. For each analysis, ~10 g of
dried, finely crushed sample was mixed intimately with ~1.5 mls of 2.5 % ELVANOL solution
(PVA), a liquid binder, This was compounded into an aluminium cup, then dried overnight at

~30-40°C. The prepared pellets were labelled and stored in a dessicator until analysis occurred.

Analytical Equipment

A Philips PW2400 X-ray fluorescence spectrophotometer was used for the analyses, with a
Rh end-window tube, Data was processed using

“SUPERQ” software,
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Relative errors

Relative accuracy is less than 1 % for all major elements. For trace elements, precision and
accuracy tests are not done on routine samples, however control standards of known
concentration are run frequently with batches of samples to assess the reliability of the results.
With careful analysis, relative errors are ~1 to 5% with 95% confidence at 100ppm and higher
concentrations. At lower levels, the relative errors increase and will have a value equal to

two-thirds of the lower limit of deiection (LLD) at that level.
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APPENDIX D

PALAEOMAGNETIC INCLINATION RESULTS

All Zijderveld plots constructed in this study are presented on the following pages. The

inclination values determined from the plots are given in the Table below. Group (3) samples

are represented by a 7; other samples that have been discarded from the magnetostratigraphic

study are in bold type (Q values less than 2, or struck by lightning); and samples considered

to have been upside-down are italicised. The average inclination values, standard deviations

(S.D.) and standard errors (S.E.) for entire eruption packages are on the facing page.
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TRU50-2

METecl. OWirch,, visbie & $ehct

TRUS50-5

Willeql. LMol vixibhe & sobeol

244

pRTT T

e ST R e e T TCTPTPYy

Appendices

TRUS50-6

%’ 4
SRDect, Oinc] , visbke & select

TRU50-11

B0« TNl visbw 5 select

TRU50-14

WOt THBlnAE viclhie & caleatd

TRU50-7

WDt Ollncd . visbke & seict

TRUS50-12

Iw

gt —et—| N
WlDec!, Olincl., visible & sehct

TRU50-15

EEOwsl, DMlel. . visile & seleot

TRU50-10

2

'%.

!

1

EEDecl, TMNct, visiie & select

TRU50-13

N

BWCrt DEnal, visbhe & sehect

? Q<2

TRUSO-16

WEOel TWnch., visbh & select
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TRU30-17

M

WEDec. Olinol . yesdle 5 sebect

TRU50-20

iw

Wl FIEinat wicties & calaed

TRU50-23

w

DD DIlincl. . visbke & select

TRU50-18

SEDec). OW el . visibie 5 select

TRUS50-21

NWOre Ol visibh & sebet

TRUS0-24

WDl ORincl., vishie & selnet

TRUS0-19

WEDect QMR vishie & select

TRU50-22

HEDwel. DBl virble & sencl

? Group (3)

TRUS50-25

W

N

Bt OBinol,, visle & setwed
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AF DEMAGNETISED SAMPLES

KOR15-21

WDl OBnel , visible & select

? Group (3)

PYW7-31

N

WEOw: . OBk, viskhk S eekct

?7Q<2

KOR15-22

N
£

BEOec! DENGT  wiFivie & tebot

?0<2

PYW?7-32

EEDec!, Wl viskis K subrt

PYW7-30

N

WliDvol. Hliinct, visibie & select

? Group (3)

PYW7-33

w

WOl Clmel. . visbie & seleot
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APPENDIX F

MAGNETIC SUSCEPTIBILITY (K) MEASUREMENTS
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APPENDIX G

KONIGSBERGER RATIO ((Q) CALCULATIONS AND

IDENTIFICATION OF SPM-SD THRESHOLD GRAINS

i » 1

:

1.10E+0 1.10 1.22E-0 2.49 | 1217 1208 0.74

2} 2.21E+03 2.21 4.70E-03 13.00 470 465 1.06
31 2.78E+03 278 1.05E-02 7.33 1048 1038 0.95
41 1.92E+03 1.2 6.33E-03 8.38 633 627 0.85
5| 5.72E+02 0.57 6.81E-03 2.32 681 677 0.59
6 2.12E+03 212  3.82E-03 15.33 agz2 380 0.52
7] 200E+03 ¢ HY o 1.73E-03 31.94 173 172 0.58
MB3i1-1]| 9.73E+02 0.97 &.“NE-03 7.08 380 377 0.79
2| 1.59E+04 15.80 5.3pL-22 8.18 5377 5319 1.08
3| 7.03E+03 7.03 2.4BE-U: 7.84 2478 2468 0.40
4| 1.70E+03 1.0 1.24E-02¢ 3.80 1238 1227 0.89
$]9.33E+02 0.93 2.10E-02 1.23 2098 2079 0.91
6] 3.32E+03 3.32 1.57E-02 5.84 1569 1571 ~-0.13
KOR14-11 1.089E+04 10.80 2.70E-D2 11.14 2704 2655 1.81
21 1.20E+04 12.02  1.99E-02 16.66 1994 1969 1.25
3{ 8.26E+02 0.83 3.41E-03 6.70 341 338 0.59
4{ 4.86E+02 0.49 3.36E-03 4.00 336 ais 5.36
5; ©.63E+02 0.96 3.48E-03 7.65 348 344 1.15
6| 1.52E+03 1.52 4.06E-03 10.33 406 400 1.48
71 1.72E+03 1.72 6.13E-03 7.75 613 610 0.49
8| 3.07E+03 3.07 S5.13E-03 16.53 513 508 0.97
91 1.13E+03 1.13  4.04E-03 7.74 404 401 0.74
10| 2.02E+03 2.02 3.96E-03 14.11 396 390 1.562
11| B8.06E+02 0.81 4.04E-03 5.52 404 401 0.74
12| 1.07E+03 1.07 1.13E-02 2.62 1131 1123 0.71
13| 1.B4E+03 1.64 1.31E-02 3.46 1313 1305 0.61
141 2.18E+02 0.22 2.08E-03 2.89 208 205 1.44
15| 3.50E+02 0.836 227E-03 4.28 227 232 -2.20
16| 6.17E+02 0.62 7.12E-03 2.40 712 696 2.25
17| 3.29E+03 3.29 1.47E-02 6.19 1468 1457 0.75
18] 5.81E+02 0.58 2.27E-03 7.07 227 229 -0.88
KOR16-1| 6.58E+02 0.66 3.04E-03 5.98 304 304 0.00
2] 1.31E+03 1.31  3.27E-03 11.05 327 324 0.92
3| 7.01E+02 0.70 4.25E-03 4.56 425 426 -0.24
4| 2.82E+03 2.82 5.45E-03 14.31 545 527 3.30 '
5| 1.05E+03 1.05 2.02E-03 14.42 202 203 -0.50
6| 9.51E+02 0.95 2.42E-03 10.87 242 241 .41
7| 1.29E403 1.29 5.09E-03 7.1 509 507 0.39
81 1.70E+04 17.04 1.95E&-02 24.15 1950 1910 2.05
9| 9.66E+02 0.97 3.12E-03 8.56 312 306 1.92
10| B.71E+02 0.87 5.45E-03 4.42 545 540 0.92
11| 8.73E+02 0.87 4.20E-03 5.63 429 428 0.93
12|2.04E+02 0.20 7.41E-03 0.7¢6 741 737 0.54
13| 7.05E+03 7.0  1.82E-02 10.71 1820 1790 1.65
15| 7.40E+03 7.40 1.72E-02 11.93 1715 1703 0.70
16|B.74E+02 0.87 2.55E-02 0.95 2548 2498 1.86
17| 2.12E+03 2.12 2.06E-02 2.85 2058 2043 0.73
181 3.16E+03 3.16  1.45E-D02 6.03 1449 1442 0.48
19] 2.92E403 2.82 B.54E-03 9.46 854 839 1.76
20|3.47E+02 0.45 6.31E-03 1.96 631 621 1.58
21]4.58E+02 0.46 1.39E-02 0.91 1393 1396 -0.22
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KOR15-1| 6.87E+03 6.87 5.55E-03 34.23 555 551 0.72
2| 5.29E+03 5.20 9.67E-03 15.12 967 957 1.03
3] 1.29E+04 19.87 1.55E-02 35.36 1553 1537 1.03
4] 1.88E+03 1.88¢ 6.50E-03 8.03 650 649 ¢.15
5| 3.78E+03 3.78 7.60E-03 13.75 760 754 0.79
6| 1.44E+03 1.44 3.77E-03 10.58 377 ar3 1.06
7| 8.48E+02 0.85 2.58E-03 9.09 258 257 0.39
8{ 1.52E+03 1.52 5.19E-03 8.1 519 512 1.35
9] 2.90E+03 2.90 7.82E-03 10.25 782 776 0.77
10} 3.39E+03 3.38  1.17E-02 7.98 1174 1158 1.36
11] 4.33E+03 4.33 7.16E-03 16.73 716 698 2.51
12| B8.45E+03 8.45 1.56E-02 14.95 1562 1547 0.96
13| 1.39E+04 13.88 1.78E-02 21.57 1779 1760 1.07
14| 1.72E+03 1.72 8.78E-03 5.40 878 870 0.91
157 3.1BE+03 3.18 6.60E-03 13.34 660 625 5.30
16f B6.7BE+03 6.78 7.97E-03 23.51 797 786 1.38
17|5.61E+02 0.56 7.33E-02 0.21 7334 7329 0.07
18| 2.67E+03 2.67 4.88E-03 14.80 498 495 0.60
19| B8.97E+02 0.90 2.24E-03 11.07 224 218 2.€8
20;3.09E+02 0.31 6.76E-03 1.26 676 671 0.74
21]4.94E+02 0.49 1.10E-02 1.24 1103 1096 0.63
22|4.29E+02 0.43 6.79E-03 1.75 679 673 0.88
DER7-1| 1.10E+03 1.10 5.22E-03 5.81 522 524 -0.38
2] 2.21E+03 2.21 1.30E-02 4.70 1300 1282 1,381
3| 2.78E+03 2.78  1.15E-02 6.69 1148 1138 0.78
4| 1.92E+03 1.92 3.43E-03 15.46 343 337 1.75
5| 1.16E+03 116 5.09E-03 6.27 509 493 3.14
6| B.18E+02 0.82 2.97E-03 7.62 297 296 0.34
71 3.51E+03 3.51 4.49E-03 21.62 449 447 0.45
8| 1.27E+03 1.27 2.32E-03 1517 232 231 .43
9] 2.27E+03 2.27 1.73E-02 3.64 1725 1704 1.22
10| 1.59E+03 1.59 1.45E-02 3.04 1445 1444 0.07
11] 7.30E+02 0.73 2.52E-03 8.01 252 246 2.38
12| 1.07E+03 1.07 2.65E-03 11.47 265 264 0.38
13] 9.93E+02 0.99 3.64E-03 7.54 364 358 1.65
14| 5.06E+02 0.5t 2.07E-03 6.76 207 201 2.90
15} 3.69E+03 3.68 1.,52E-02 6.70 1520 1485 $2.30
16| 5.36E+02 0.54 1.88E-03 7.97 186 182 2.15
17| 7.87E+02 0.79 2.61E-03 8.33 261 260 0.38
18| 8.24E+02 0.82 3.69E-03 6.17 369 374 -1.36
19| 1.09E+03 1.09 3.98&-03 7.58 398 385 3.27
20! 2.34E+03 2.34 B6.29E.-03 10.27 629 625 0.64
21| 1.16E+03 1.16 3.48E-03 9.19 348 348 0.00
221 1.48E+02 0.1 1.73E-03 2.36 173 173 0.00
23] 4.69E+03 4.69 B8.06E-03 16.08 806 802 0.50
24 3780.72 3.78 1.08E-02 8.71 1076 1055 1.95
25 4592.51 4.59 4.88E-03 26.01 488 466 4.51
26 2263.20 2.26 5.04E-03 12.41 504 501 0.60
27 282.75 0.28 7.01E-03 1.11 701 705 -0.57
257
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Appendices

A b " A peitfaabnh il ] i s W k E . oy el - . AL
TRUS50-2] 3.27E+03 3.27 6.32E-03 14.31 632 623 1.42
3| 1.08E+03 1.08 1.92E-03 15.48 192 182 5.21
4| 1.15E+03 1.15 1.90E-03 16.73 190 187 1.58
5| 1.33E+023 1.33 3.83E-03 10.15 363 361 0.55
6] 5.4BE+02 0.63 2.38E-03 6.36 238 234 1.68
7( 9.26E+02 0.893 4.18E-03 6.12 418 416 0.48
10| 1.84E+03 1.84 3.63E-03 13.97 363 362 0.28
11} 2.54E+03 2.54 2.92E-03 24.00 292 290 0.68
12| 3.49E4+03 3.49 4 24E-03 22.74 424 417 1.65
13[1.38E+02 0.14 5.61E-03 0.68 561 550 1.96
14| 1.45E+03 1.45 B8.92E-03 4.50 892 881 1.23
15) 1.74E+03 1.74 6.08£-03 7.93 606 598 1.32
16{ 1.19E+03 1.19 2.43E-03 13.53 243 239 1.65
17] 1.4BE+03 1.48 3.24E-03 12.68 324 322 0.62
18] 7.25E+02 072 4.11E-03 4.87 411 406 1.22
19| 1.42E+03 1.42 3.39E-03 11.61 339 a37 0.59
20| 3.44E+02 0.34 1.49E-03 6.38 149 144 3.36
21| 9.08E+02 0.91 3.44E-03 7.30 344 343 0.29
22| 1.55E+03 1.5 1.89E-03 22.70 189 187 1.06
23] 7.86E+02 0.79 2.12E-03 10.25 212 210 0.94
24| 7.92E+02 0.79 2.33E-02 9.39 233 229 1.72
25| 2.32E+03 2.32 2.867E-03 23.99 267 258 3.37

PYW7-1] 2.18E+03 2.68E-03 268 265

2| 7.27E+02 0.73 3.38E-03 5.95 338 338 0.00
3| 5.50E+03 5.50 7.90E-03 19.23 790 786 0.51
4| 3.98E+04 39.76 8.60E-03 127.76 860 860 0.00
5| 1.49E+03 1.49 3.02E-03 13.60 302 298 1.32
8] 1.29E+03 1.29 5.38E-03 6.61 538 526 2.23
7| 1.86E+03 1.86 5.97E-03 8.59 597 592 0.84
8] 1.50E+03 1.50 4.83E-03 8.59 483 480 0.62
9| 2.07E+03 2.07 6.07E-03 9.43 607 597 1.65
10| 1.19E+04 11.86  1.68E-02 19.54 1678 1647 1.85
11| 1.74E+04 17.37  1.74E-02 27.52 1744 1727 0.97
12 1.37E+04 13.72  1.40E-02 27.02 1403 1394 0.64
13| 7.34E+03 7.34 1.47E-02 13.82 1467 1452 1.02
14| 5.29E+03 5.29 1.74E-02 8.41 1739 1720 1.09
15| 3.61E+03 3.61 1.55E-02 6.43 1551 1533 1.16
16| 7.06E+03 7.06 2.06E-02 9.46 2062 2058 0.19
17| 1.84E+03 1.84 1.62E-02 3.15 1619 1604 0.93
18] 1.14E+03 1.14 3.49E-03 9.06 349 343 1.72
19| 1.88E+03 1.68 6.58E-03 7.07 658 652 0.91
20| 2.50E+03 2.50 2.94E-03 23.53 294 288 2.04
21| 2.01E+03 2.01  6.04E-03 9.18 604 602 0.33
22! B.93E+02 0.89 4.42E-03 5.58 442 443 -0.23
23] 2.55E+03 2.55 1.03E-02 6.88 1025 1019 0.59
24] 1.52E+03 1.52  4.64E-03 9.05 464 464 0.00
25| 1.44E+03 1.44 2.41E-03 16.54 241 243 -0.53
26| 3.73E+03 3.73  7.19E-03 14.32 719 718 0.14
27|7.89E+02 0.79 1.48E-02 1.47 1484 1475 0.61
28| 2.03E+03 2.03 5.25E-03 10.69 525 520 0.95
29| 2.53E+03 2.53 7.46E-03 9.39 746 736 1.34
30}3.46E+02 6.35 1.30E-02 0.74 1296 1290 0.46
31|3.30E+02 6.33 7.41E-03 1.23 741 729 1.62
32] 1.30E+03 1.30 3.58E-03 10.02 358 352 1.68
33| 1.76E+03 1.76  6.42E-03 7.57 642 645 -0.47
TAR12-1] 2.52E+03 2.52 8.7BE-03 7.92 878 Not measured N/A
2| B3.50E+03 3.50 1.00E-02 9.64 1003 " N/A
3| 2.09E+03 2.09 5.35E-03 10.78 535 " N/A
4| 3.66Z+03 3.66 1.05E-02 9.69 1045 " N/A
5| 4.07E+03 4.07 5.58E-03 20.16 558 " N/A
6 3.53E+03 3.53 7.71E-083 12.64 771 " N/A
7| 1.58E+04 15.84 2.23E-02 19.63 2230 " N/A
8| 1.81E+03 1.81  1.38E-02 3.64 1378 " N/A
g| 2.43E+03 2.43  1.25E-02 5.40 1245 " N/A
10| 2.76€+03 2.76  1.15E-02 6.66 1145 " N/A
11| 1.53E+03 1.53  7.48E-03 5.66 748 u N/A
12| 2.34E+03 2.34 7.98E-03 8.1 798 798 -0.13
13| 2.15E+03 2.15 7.95E-03 7.47 795 761 0.50
14| 4.57E+03 4.57 1.55E-02 8.12 1554 1574 -1.29
15| 1.71E+03 1.71  5.83E-03 8.55 551 563 -2.18
16| 1.68E+03 1.68 7.58E-03 6.11 758 756 0.26
17 1.34E+04 13.45 2.22E-02 16.71 2223 2204 0.85
18| 1.60E+03 1.60 9.35E-03 4.72 935 930 0.53
19| 1.54E+03 1.54 1.42E-02 3.00 1423 1400 1.62
20| 2.16E+03 2.16 1.03E-02 5.79 1029 1026 0.29
21| 1.18E+03 1.18  3.39E-03 9.61 339 334 1.47

NB: Samples highlighted have been discarded: Q<2

APPENDIX H

GEOPHYSICAL WELL LOG INTERPRETATIONS

Al drill holes used to deduce the palacotopography of the Werribee Plains prior to basaltic
volcanism are listed. The drill holes are classified as either diamond drill holes (DDH) or
geophysical wells (GW). The inferred cumulative thickness of interflow sediments is also
given. The geophysical well log data is displayed graphically on the following pages, with
the interpreted graphic lithological logs adjacent to each. Refer to page 261 for interpretation

of symbols.
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ANABC03 1€ 45 105 60

BALS00B GN 30 120 990

BALS8010 awv 90 135 45 9
BM22 DDH, GW 20 150 130

BUL8004 GN 60 25 -35 7
DER7 DOH 105 105 0

DERB058 an 45 25 -20

DER8059 aN 60 60 0

DEUB044 GN 25 15 -10

DEUBD4S an 15 5 -10

DELC 3046 GN 0 5 5

DJE8022 GN 30 145 115

DJEB023 aw 35 120 85

GORB8007 GN 70 180 110 5
KOR8003 GN 75 140 65

KOR14 DDH 65 140 75

KOR15 DOH 90 120 30

KOR16 DoR 70 120 50

MAMB0O03 an 60 25 -35 5
MB31 DDH, GW 60 130 70 18
MOO8003 GN 65 125 60 i5
MOOS8005 an 70 105 35 12
MOQO8006 aN 75 115 40 i5
MC18004 GN 40 105 65

MCUB006 aw 70 140 70

MOUB007 Qv 50 135 85 14
MOU8009 anN 110 130 20

PARS0O32 G 65 150 85 13
PARS034 awv 80 170 a0 30
FARS035 oN 45 140 95 g
PARBO36 an 70 140 70 10
PARBD37 av 60 135 95 15
PARS038 anN 10 100 85 5
PARB040 QN 85 160 75 17
PARS041 Qv 30 150 120

PYW7 COH g5 80 5

PYW8045 an 25 70 45

PYW8047 e 95 95 0

TAR12 DOH 75 45 -30 1.5
TARSO031 GN 95 60 -35

TARB032 o 70 40 -30

TRUSO0 DDH 75 30 -45

TRU8004 an 15 10 -5

TRUS8008 oW 15 10 -5

TRUB01S N 585 30 -25

WERS8002 GA 120 65 -55

WERE004 aw 0 45 45
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Depth {m) 3

CIPW norm. H TR TR Bi BI T Bl Bi BI H H H =

Data_Source CG. M.M. M.M. CG CG. CG. CG. CG. CG. CG. C.G. CG. 8

Sio2 49.08  49.22  48.89  53.63 53.18 48.36 53.17  53.12  52.62  49.04 47.89  48.60

TiO2 2.07 2.10 1.91 1.71 1.70 2.56 1.80 1.71 1.79 1.98 2.09 2.10

Al203 13.81 13.59  14.88  14.77  14.16  14.51 14.63  14.59  13.82  13.52  13.82

Fe203 3.61 4.97 4.23 2.73 2.12 5.39 1.06 3.20 2.35 3.13 3.60 2.82

FeO 7.17 5.72 6.17 7.17 7.59 7.77 7.69 6.67 7.49 7.59 7.11 7.98

MnO 0.16 0.16 0.15 0.15 0.17 0.21 0.16 0.15 0.16 0.20 0.18 0.17

MgO 9.05 8.43 8.75 7.27 7.18 4.18 6.65 6.47 7.14 9.01 9.36 8.79

Ca0 9.00 8.59 9.33 8.41 8.41 7.18 8.48 6.98 8.22 8.58 9.12 8.49

Na20 3.35 3.42 3.33 2.87 3.18 4.12 3.39 3.49 3.45 3.56 3.49 3.62

K20 1.38 1.41 1.28 0.81 0.84 1.89 0.81 1.27 0.71 1.42 1.62 1.53

P205 0.52 0.43 0.26 0.26 1.60 06.30 0.33 0.26 0.45 0.55 0.46

H20+ 0.94 0.57 0.38 0.43 0.96 0.63 0.94 0.72 0.61 0.68 0.65

H20- 0.84 0.35 0.16 0.18 0.57 0.18 0.41 0.26 0.23 0.47 .37

co2 0.20 0.88 0.07 0.14 0.80 0.13 0.43 0.03 0.11 0.29 0.55

S 0.00 0.00 0.00 0.01 0.01 0.04 0.00 0.01 0.00 0.01 0.00

Total 100.33 99.86 _ 100.50 _100.16 __99.76 _ 99.60 __ 99.80 99.72  99.73  99.68  99.95

Ba 340 673 767 785 653 423 794 976 516

RO 3z 31 30 31 31 40 28 43 30 30 37 34

Sr 628 632 574 345 358 559 383 336 347 608 7186 594

Pb 4 5 4 5 6 6 4 4 3 3 5

Th 4 3 3 3 4 4 5 3 5 4 5

U 2 1 1 0 1 1 1 0 0 1 0

Zr 152 143 325 122 220 137 185 185 199

Nb 17 16 57 20 23 0 0 0 0

Y 23 22 21 23 44 25 25 27 26 28 24

La 14 17 55 23 25 20 30 36 31

Ce 29 27 93 40 34 29 53 51 52

Sc 20 i8 18 19 0 0 0 o 0

Y 163 160 166 160 139 151 157 169 173

Cr 299 229 44 229 235 284 308 344 308

Ni 91 87 37 87 110 89 147 164 162

Cu 29 28 9 28 27 36 48 40 43

Zn 100 119 144 119 93 101 97 92 103

Ga 20 21 19 25 19 22 22 21 20 21

[FSr7 = 35r 0.70417 '0.70468 0.70520 0.70534_0.70501_0.70542_0.70484 0.70522  0.70444 0.70432 0.70428

Depth {m}

CIPW norm. H H H T Bl ar ar B! T T TR ar

Data Source CG. CG. CG. CG. CG. CG. CG. CG. CG. CG. CG. CG.

Sio2 48.81 4890 49.10 4981 5206 65183 51.87 51.94 51.77 5031  48.87 51.79

TiO2 2.09 2.20 2.10 2.02 1.65 1.64 1.76 1.77 1.69 1.8¢ 2.10 1.69

AI1203 13.88 1351  13.66 14.33  14.32 13,67 1441  13.78 13.61

Fe203 2.91 2.74 2.25 7.20 3.77 3.30 4.02 6.95 3.14 1.92 2.94 3.79

FeO 8.00 8.09 8.50 4.31 6.91 7.21 6.55 4.65 7.24 8.75 7.34 6.74

MnO 0.17 0.18 0.18 0.18 0.17 0.16 0.16 0.17 0.16 0.16 0.16 0.16

MgO 8.90 8.71 8.71 7.75 8.71 8.73 8.04 7.35 8.30 8.39 8.72 7.98

Ca0 8.35 8.45 8.52 8.03 8.36 8.47 8.13 8.28 8.25 7.89 8.98 8.32

Na20 3.57 3.47 3.53 3.20 2.64 2.89 2.63 2.66 3.10 2.99 3.49 3.08

K20 1.52 1.60 1.51 1.25 0.85 0.75 0.91 0.88 0.79 1.00 1.42 0.79

P205 0.45 0.51 0.47 0.26 0.26 0.30 0.28 0.29 0.53

HeO+ 0.51 0.88 0.45 0.49 0.58 0.75 0.53 0.64 0.60

H20- 0.33 .37 0.26 0.15 0.23 0.56 0.28 0.38 0.25

co2 0.25 0.21 0.13 0.08 0.16 0.45 0.01 0.06 0.59

S 0.00 0.30 0.00 0.00 0.02 0.01 0.00 0.01 0.01

Total 99.54 __100.12 __ 99.37 100.43 100.20  99.73 100.16  99.52 99.61

Ba 787 1252 665 335 639 358 384 445 538

b 33 34 35 29 26 25 24 26 26 24 29 25

Sr 600 605 601 433 366 365 372 388 377 399 593 a75

Pb 2 4 3 4 3 2 3 1 0

Th 5 4 4 4 3 2 4 5 0

U 1 0 1 0 0 1 0 1 0

Zr 201 176 189 145 146 153 157 148 214

Nb 0 51 0 0 0 22 0 22 45

Y 26 26 25 21 23 22 24 21 21

La 32 43 34 186 11 i8 17 22 31

Ce 36 61 45 20 18 34 28 29 51

Sc 0 15 0 0 0 19 0 17 17

v 166 180 160 152 160 153 161 157 174

Cr 308 282 . 243 339 349 288 324 305 303

Ni 179 176 138 152 151 153 151 154 186

Cu 41 51 49 45 34 46 41 58 85 &

Zn 104 114 96 98 101 109 1083 113 108 3
N Ca 20 20 23 19 18 19 19 19 2 g
Y [TSr7 ™ Sr | 0.70426_0.70442_0.70447 0.70542_ 0.70541__0.70535 0.70519 0.70546 0.70433 R
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epth (M)

D

CIPW norm, T T T 8i Bl T TR H T Bl TR T
Data Source C.G. C.G. C.G. C.G. C.G. CG. M. M. M. M. C.G. C.G. M.M. C.Q.
Si02 50.66 51.43 51.86 52.66 52.76 50.190 49.87 49.14 51.15 52.65 49.88 51.20
TiO2 1.79 1.71 1.77 1.79 1.97 1.95 2.20 2.07 2.07 1.79 2.08 2.10
Al203 13.91 14.22 14.54 13.63 13.84 14,21

Fe203 4.22 3.54 2.93 3.07 2.55 2.26 1.26 3.56 3.31 1.82 3.97 3.89
FeO 6.73 7.05 7.54 6.67 7.02 8.25 8.09 7.20 7.69 7.80 6.48 6.20
MnO 0.17 0.17 0.16 0.16 0.16 0.16 0.17 0.17 0.18 0.16 0.18 0.16
MgQO 7.89 7.49 7.38 6.96 5.57 7.79 8.97 8.96 8.49 7.29 8.28 5.61
Ca0 8.54 8.80 8.63 8.67 8.77 9.25 5.86 8.93 8.25 8.53 8.70 9.39
Na20 3.11 3.19 3.29 3.24 3.66 3.24 3.33 3.42 2.89 3.29 3.57 3.53
K20 0.60 0.74 0.68 0.79 0.88 1.05 1.44 1.36 1.01 0.72 1.33 1.21
P205 0.30 0.32 0.32 0.62 0.50 0.49

H20+ 0.95 0.59 0.54 0.31 0.69 0.44

H20- 0.51 0.32 0.48 0.i8 0.31 0.24

co2 0.17 0.08 0.00 0.02 0.10 0.01

S 0.02 0.02 0.01 0.01 0.01 0.01

Iotal 99.42 99.52 100.05 99.78 100.18 99.79

Ba 574 378 292

3 ] 19 22 21 25 24 21 31 29 29 24 29 28
Sr 373 403 405 397 461 527 627 6590 443 385 590 564
Pb 2 2 0 6

Th 2 0 4 3

U 1 1 0 2

Zs 147 125 129

No 23 21 22

Y 25 24 23 26

La 21 23 19

Ce 31 31 33

Sc 19 20 20

' 161 165 160

Cr 278 276 264

Ni 186 128 115

Cu 46 69 48

Zn 117 108 110

Ga 18 21 19
|’I 81751 | 0.70482 0.70479 0.70476 0.70454

SN A 2k
Depth {m) 5. 12.0
CIPW norm. T TR Bl T T BI Bl Bl H T T T
Data Source C.G M. M. C.G. C.G. CG. C.G. C.G. C.G. A.H. AH. A.H, A.H,
Si02 50.74 49,75 52.98 49.68 50.19 53.00 53.16 52.97 49.45 51.19 49.96 51.54
Tio2 2.08 2.15 i.78 1.80 2.03 1.77 1.80 1.80 2.12 1.97 1.78 2.04
A1203 14.11 14.87 15.24 14.76 14.33 13.81 14.00 14.39
Fe203 2.84 5.79 1.95 3.79 4.58 2.44 3.61 2.08 11.34 11.24 11.23 10.91
FeO 8.09 6.01 8.06 7.19 6.71 7.30 6.25 7.71
MO 0.18 0.18 0.16 0.16 0.17 0.17 0.18 0.18 0.16 0.21 0.14 0.12
MgO 7.97 7.58 7.18 8.23 8.06 6.47 6.15 6.79 5.38 7.18 7.99 7.38
CaD 9.14 8.90 8.48 g.17 9.25 8.54 8.50 8.2%9 8.57 8.47 7.82 8.33
Na20 3.18 3.21 3.26 3.27 3.18 3 i34 3.338 3.23 3.3¢% 3.38 3.52 3.25
K20 D.81 1.24 0.73 .88 0.77 .68 0.76 0.76 1.50 1.21 0.98 1.08
P205 0.48 0.29 0.28 0.30 0.48 0.47 0.44 0.28
H20+ 0.74 Q.86 0.83 0.81
H20- 0.36 0.44 0.32 0.43
co2 0.06 0.19 0.24 0.08
8 0.02 0.3 0.02 0.02
Total 99.83 100.35 100.67 100.21 __ 98.02__100.17  98.87 _ 100.81
Ba 788 712 622
R 18 29 23 19 16 27 28 28
Sr 452 561 388 466 473 3904 404 391
Pb 3 2 1
Th 2 5 2
U 1 0 0
Zr 129 132 139
Nb 19 20 20
Y 33 25 24
La 34 20 20
Ce 53 30 a2
Sc 20 20 20
v 158 158 162
Cr 231 220 261
Ni 80 74 96
Cu 56 29 28
Zn 109 110 109

20 21 20

B
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b 2
> LTI :§
Depth {m) . . 35.1 . . g
CIPW norm. TR ar T Bl ar TR TR TR T ar H H =y
Data Source A.H. A.H. A.H. A.H. A.H. A.H. A.H. AH. _AH. A.H. M.M. M.M. %
Sio2 48.98 49.57 49.19 52.43 49.55 48.33 50.00 48.63 $1.55 49.03 49.65 49.85
Tio2 2.27 2.56 2,15 1.93 3.90 3.83 2.11 2,26 2.01 3.99 2.10 2.15
Al203 14.02 13.98 14.26 13.9 15.42 14.98 14.97 14.38 13.86 15.82 14.49 14.81
Fe203 12.08 14.20 12.02 11.32 12.83 12.52 11.41 12,34 11.26 11.66 3.21 3.38
FeO 0.00 0.00 0.00 0.00 7.24 6.84
MnO 0.16 0.17 0.12 0.15 0.11 0.14 0.13 0.16 0.15 0.15 0.15 0.15
MgC 7.77 3.46 5.76 7.20 3.57 4.83 6.95 6.72 6.99 3.39 8.89 7.44
G0 8.24 7.04 7.45 7.91 7.77 g.88 7.77 9.19 8.71 7.05 8.57 8.72
Na20 3.38 3.67 3.37 3.38 3.64 3.51 3.53 3.39 3.29 3.7 3.75 3.97
K20 1.52 1.73 1.37 1.27 1.62 1.58 1.47 1.21 1.36 1.71 1.45 1.54
P205 0.47 1.31 0.60 0.43 0.64 ¢.61 0.44 0.43 0.41 0.58 0.55 0.56
H20+ 0.00 0.0C 0.00 0.00 0.19 0.46
H20- 0.00 0.00 0.00 0.00 0.29 0.21
co2z 0.00 0.00 0.90 0.00 0.04 0.11
S 0.00 0.60 0.00 0.00 0.00 0.00
[Total 88.89 97.69 98.14 100.84 101.09 100.13 98.78 98.71 _ 100.20 99.96 100.55 100.16
Ba 471 581 ‘ 401 280
R 37 29 36 27 28 31
Sr 545 576 537 468 636 638
Pb 2 7 11 8 2 2
Th 11 4 7 7 3 3
U 8 0 7 4 1 0
Zr 183 262 176 175
No 36 44 31 27
Y 24 41 26 26 21 20
La 36 34 20
Ce 88 87 29 74
Sc 34 21 35
\ 172 210 156 197
Cr 350 171 335 325
Ni 229 71 351 178
Qu 51 29 94 70
Zn 118 156 105 119
Ga 29 25 31 27
" 5r/*8r
CIPW norm. TR Bl BI T ar T ar T T T ar
Data Source M.M. M.M. M.M. M.M. M.M. M.M. M.M. M.M. M.M. M.M. M.M.
Si02 48.73 53.50 53.60 49.95 50.28 51.23 51.78 49.58 49.45 51.38 51.14
TiO2 2.18 1.82 1.82 2.56 2.51 2.31 2.29 2.54 2.65 2.28 2.29
Al203 14.64 15.06 15.28 14.27 14.61 14.41 15.13 14.31 14,55 14,23 14.20
Fe203 4.39 2.98 2.74 4.66 12.19 4.95 11.68 4.18 8.99 1.72 6.33
FeO 6.10 6.80 9.86 6.82 1.15 7.02 0.77 8.35 4.38 9.17 5.24
MnO 0.14 0.14 0.13 0.18 0.18 0.18 0.17 0.18 0.19 0.15 0.16
MgO 7.75 6.31 6.19 7.19 4.92 4.75 4.23 5.85 4.50 7.64 7.36
GO 8.72 8.37 8.42 7.98 7.14 6.76 6.62 7.34 7.32 7.85 7.96
Na20 3.33 3.36 3.31 3.17 3.38 3.65 3.51 3.68 3.89 3.16 3.09
K20 1.63 0.80 0.85 1.55 1.75 2.16 2.04 1.86 1.95 1.19 1.14
P205 0.56 0.29 0.28 0.82 1.25 1.12 0.80 1.32 1.55 0.47 0.44
H20+ 0.59 0.68 0.55 0.40 0.45 0.78 0.66 0.72 0.49 0.51 0.48
H20- 0.36 0.47 0.34 0.28 0.18 0.50 0.49 0.55 0.32 0.37 0.38
cOo2 0.09 0.04 0.25 0.10 0.04 0.02 0.18 0.04 0.10 0.10 0.08
S 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0.01 0.00
Total 100.08 100.63  100.62 99.93 100.02 99.82 100.35 10025 100.41 100.21  100.26
Ba
Rb 31 29 35 34 31 43 45 37 42 29 25
Sr 664 362 397 562 545 523 577 554 574 462 479
Pb 2 3 3 2 3 S 3 4 3 2 2
Th 4 3 3 3 5 5 6 4 3 3 3
u 0 0 1 1 1 L 1 1 0 0 0
Zr
No .
Y 23 28 27 25 48 36 36 34 28 25 26
La
Ce
Sc
v
Cr
Ni
Cu
Ga .
3 Fsr=sr g
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Appendices
A PPENDIX J
PETROGRAPHIC RESULTS
Sample | Depth | Lava flow Plag. |Description Composition
no. (m) fype phenos
BM22A | 95 Pahoehoe N Coarse-grained intergranvlar groundmass with Alkati*
(P-type) iddingsitised phenocrysts.
DER7A | 886 Pahioehoe N Altered groundmass, but appears to have been Alkali
(P-type) fully crystailised.
DER7B | 106.2 Pahoehoe N Coarse groundmass with trachytic texture Alkali
(P-type) developed; fully crystailised.
DET0 8.0 Pahoehoe N Fully crystallised groundmass, with relatively Alkali*
(S-type) coarse, intergranular texture.
DE709 | 43.2 Aa Y Well developed trachytic texture; fine-grained | Tholeiite*
groundmass with large feldspar phenocrysts. (sub-group)
Ki4a 354 Aa N Very fine-grained, trachylic groundmass with Tholeiite*
tabular opaques; phenocrysts are iddingsitised. { (sub-group)
K15A 740 Aa Y Fine-grained, trachytic textured, altered Alkali*
groundmass with abundant Fe oxides (once
glassy?) Few phenocrysts throughout: minor
feldspar and iddingsitised pyroxene, olivine.
K150} 9.3 Pahoehoe N Relatively coarse, intergranular groundmass Alkali*
(P-type) which has fully crystallised.
K1512 { 290 Pahoehoe N Coarse, sub-ophitic groundmass which has fully]  Alkali*
(P-type) crystallised,
K1603 58 Pahoehoe N Relatively coarse-grained, ophitic groundmass | Tholeiite*
(P-type) with glassy mesostasis preserved interstitial to
the plagioclase laths. '
PYWT7A | 585 Aa Y Relatively fine-grained, locally trachytic Alkali*
groundmass. Feldspar phenocrysts are
distributed throughout, with other iddingsitised
phenocrysts.
T50A 726 Pahoehoe N Coarse-grained, intergranular groundmass with | Tholeiite
(P-type) glassy mesostasis interstitial to plagioclase lath
network. B
T5002 3.8 Pahoehoe N Relatively coarse-grained, intergranular Alkali
(P-type) - groundmass, focally altered. Fully crystaltised.

* Samples have also been analysed geochemically (see Appendix ).
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APPENDIX K

SURFACE MAGNETIC POLARITY DATA

Unpublished data courtesy of N. Opdyke

Moore.A.G..Cas,R.A F., Beresford, S.W. & Stone. M. 2000. Geology of an Archaean metakomatiite
succession, Tramways, Kambalda Ni province, Western Australia: assessing the extent (o

which voleanic facies architecture and flow emplacement mechanisms can be reconstructed.

Geology of an Archaean metakomatiite succession,
Tramways, Kambalda Ni province, Western Australia:
assessing the extent to which volcanic facies
architecture and flow emplacement mechanisms can

Site Latiude Lonyitude Magnetic polarity
Melton Rd. 3740945'S | 14438.167'E Reverse (R)
Near Mt. Kororoit | 3737479'S 144 39,600 'E R
Cobbledick Ford 3749.304'S 144 34 723'E R

Peer Park Quarry 37.47.445'S 14443 913 'E R

Greig's Rd. 3744872'S 144 34769 'E R
Sunshine Quarry 3744548'S 144 49621 'E Normal (N)
Sunshine Quarry 3744644'S 144 49 709'E N

Metro Quarry 3740545'S | 14440415'E R

Parwan Creek 3743.754'S 144 23.594'E N

APPENDIX L

LIST OF PUBLICATIONS

Australian Journal of Earth Sciences 47, 659-073.

Moore.A.G. & Cas, R.A.F. 2000. Establishing the stratigraphy of the Werribee Plains. Newer Volcanic

Province, Victoria: an interdisciplinary approach. Geological Society of Australia Abstracts

62,63.

Moore,A.G. & Cas, R.A.F.2001. Emplacement processes and crystallisation of basaltic lavas: insights
from detailed vesicle zonation and petrographic studies. Absiracts, Ciries on Volcanoes 2

Conference, Auckland, New Zealand 100.

Hare,A.G.,Cas, R AF & Musgrave, R.J. 2001, An overview of basaltic volcanism in the Werribee

Plains, Newer Volcanic Province, Vic.: products and frequency of eruptions.Geological Society

of Australia Absrracts 66, 5.

NB: The first item contains work completed for a BSc (Hons) degree, and was written up and

published during my PhD candidature.

be reconstructed
A. G. MOORE,' R. A. F. CAS,' S. W. BERESFORD' AND M. STONE?

'Departrment of Earth Sciences, Monash University, Vic. 380C Australia.
2WMC Resources Lid, Kambaida, WA 6442, Australia.

The Kambaldo Ni province, locoted in the Archoean Narseman-Wiluna greenstone belt of Western
Australla, boasts the largest known concentration of komatite-associated magmatic Fe=Ni-Cu
sulfide deposits. These are found as long, linear massive 1o disseminated bodies at the base of a
thick komatiite sequence. The sulfide bodies are closely associated with, or contained within, frough
structures at the contact with the underlying basaltic unit. In this study, the McComish Prospect,
lecated 40km south of Kambaldo at Tramways, wos studied to assess the relationships between
volcanic facies. mineratisation and trough structures. The rocks in this region have variably
expernienced fouwr phases of deformation. vpper greenschist - lower amphibolite facies meta-
morphism, gronitold infrusion. and subsequent alteration. Reiict igneous textures are locolly preserved
at McComish, however, enabling the evaluation of existing geological models and interpratations.
The MeComish trough is considered to be entirely shuctural in origin and unelated to primary
volcanic processes {e.g. thermal erosion). The association of volcanic textural facies in individual
flow units, and the distribution of flow units across the trough is more complex thon predicted by
prevailing models. suggesting an alternative komatiite lava emplacement mechanism. Results are
consistent with the proposal that komatiites did not fiow turbulently as widely accepted, nor did
they cool by vigorous convection. Alternatively, the lavas were empiaced as inflated, lobate basalt
pahoehoe-like flows. Although Fe-Ni-Cu sulfide mineralisation ot McComish is most likely volcanic in
origin. Its present distribution oppears to be structurally controlled or modified. The zone of wedakly
1o strongly disseminated sulfides at the base of the komatiite sequance is thickened adjacent to g
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major rorih-northwest-trending fault on the western margin of the trough, This fault is interpreted to
hove been a fluid conduit. remobilising the ore during metamorphism and deformation,

KEY WORDs' Archaean, Kambalda, komatiite, nickel sulfides, volcanology.

INTRODUCTION

Many genetic and highly interpretative papers have heen
written about the volcanology of Archaean Komatiite
lavas, and the origins of associated nickel sulfide mineralis-
ation in the Yilgarn Craion of Western Australia. Many
of these papers give the impression that preservation of
original igneous texiures and geological relationships
are good, and represent a sound basis for the genetic
models proposed. In fact, the preservation of textures
and geological relationships can be highly variable at even

-the local scale, due to variable degrees of deformation,

metamorphism and alteration. In this paper we document
the geology of a metakomatiite suceession at the McComish
Prospect at Tramways, -40km south-southeast of
Kambalda (Figure 1). The distribution of preserved
primary igneous textures and contacts, the degree of
metamorphism and alteration, structural elements, and
the extent of mineralisation have all been recovded from
diamond drillcore. We have then evaluated the extent to

which original volcanological reconstructions can he made
(i.e. the geometry of the komatiite lava flow field, the inter-
nal textural variations within flows etc.), the implications
these reconstructions have for komatiite lava-fiow behay-
jour, and the most likely origin of the mineralisation.

KOMATIITES AND THE KAMBALDA MODEL

Komatiites are ultramafic volcanic rncks containing
18-32% MgO (Arndi & Nisbet 1982). Eruption temperatures
of komatiite lavas ranged from 1400 to 1700°C, the lavas
were of very low viscosity (~0.1-1Pas), and it is widely
assumed that they flowed turbulently (Huppert ef al. 1984,
Huppert & Sparks 1985; Hill ef gi. 1995; Williams ef ai. 1998).
The lava is considered to have been focused into ‘channels’,
(cither open lava rivers, fubes or constructional lava
complexes) forming thick, high-Mg flows (Gresham &
Loftus-Hills 1981; Lesher ef al. 1984; Cowden 1988; Cowden
& Roberts 1990; Hill et ol 1995), and laminar flowing
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overspilis of lava from the ‘channels’ formed thin sheet
flows in ‘flank’ settings.

Dense, immiscible Fe-Ni-Cu sulfide droplets are
considered to have been transported by turbulent lava in
the ‘channsls’ and settled to the base of the flows as the
turbulence eased. At Kambalda this sulfide mineralisation
is now often preserved in trough structures, the origin
of which has been widely debated. The troughs have been
variably interpreted as: (i) thermal erosion channels,
formed by melting and assimilation of the substrate by
turbulent komatiite lava (Huppert ef al. 1984; Huppert &
Sparks 1985); (ii) pre-existing topographic depressions
deepened by thermal erosion = structural modification
(Lesher et al. 1984; Groves e! ¢l, 1986); or (iii) purely struc-
tural features, with sulfide bodies in the channel facies
being the focus for subsequent deformation (Cowden 1988;
Cowden & Roberts 1990). The thin flanking flows are
phserved to conformably overlie either the footwall
metabasalt or sulfidic metasedimentary rocks at Kambalda.
Metasedimentary intervals are notably absent in ore-
bearing environments (Bavinton 1979; Gresham & Loftus-
1ills 1981; Lesher et al. 1984). The association of thick flows
in the mineralised environments and adjacent, thin barren
flows of the komatiite sequence have been described as
the channel and flanking sheetflow facies, respectively
(Cowden & Roberts 1990).

These genetic models are largely based on the Archaean
komatiite succession of the Kambalda Dome, the type
jocality for komatiite-hosted Ni sulfide deposits. Unfortu-
nately the simplicity of the models does not reflect the
complex geology of the komatiites at Kambalda, which
are multiply deformed and metamorphosed to upper
greenschist - lower amphibolite facies, often under condi-
tions of high fluid activity {(Gresham & Loftus-Hills 1981;
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Figure 1 Location of Tramways, part of the Kambalda Ni
province, in the Norseman-Wiluna greenstone belt of the
Archuean Yilgarn Craton (adapted firom Gee et ¢l 1981).

Archibald 1985). Although igneous textures are locally
preserved, they are more commonly overprinted by meta-
morphic textures. This creates difficulties in recognising
flow-unit boundaries and flow-unii geometry, as it depends
on recognising komatiite textural zones. Detailed relogging
of much of the diamond drillcore in the Kambalda province
(this study and others in preparation) has shown that most
palaeovolcanological reconstructions are too simplistic and
have taken little or no account of the effects of structural
deformation on stratigraphic and facies architecture,

In addition, the turbulent nature of komatiite lavas has
recently been questioned (Cas et al. 1999). It has been
proposed that continental flood basalts (and by analogy
komatiites) need not have been rapid, turbulent flows to
travel the vast distances observed (Self ef al. 1998), as
previously interpreted (Shaw & Swanson 1970). Instead,
long lava flows are now considered to propagate as inflated.
compound sheet flows under laminarflow conditions by
development of an insulating tube system (Self et al. 1996,
1997, 1998; Keszthelyi & Self 1998; Kauahikaua ef al. 1998).
If this is correct, current komatiite ore-genesis models and
interpretations for the origin of the channel and sheet-flow
facies need io be re-evaluated.

GEOLOGICAL SETTING OF THE McCOMISH
PROSPECT, TRAMWAYS

The McComish Prospect, Tramways region, is located in
the sonth-central part of the Norseman-Wiluna greenstone
belt, in the Eastern Goldfields Province of ihe Archaean
Yilgarn Craton (Figure 1). The Eastern Goldfields Province
consists of a number of terranes (Swager e al. 1992) includ-
ing the Kalgoorlie Terrane. The Kalgoorlie Terrane con-
tains the southern half of the Norseman-Wiluna belt and
has been subdivided into six fault-bound tectonostrati-
graphic domains (Swager ¢f al. 1992), one of which is the
Kambalda Domain, The rocks in the Kambalda Domain
have experienced upper greenschist-lower amphibolite
metamorphic conditions and have undergone four phases
of deformation (Gresham & Loftus-Hills 1981; Archibald
1985; Swager et al. 1992).

The regional stratigraphy of the Kambalda Domain has
been well established in the Kambalda district, where it is
moderately well exposed and well known from drillcore
from the Kambalda Dome, a folded greenstone sequence
intruded by trondhjemite (Gresham & Loftus-Hills 1681;
Cowden & Roberts 1990). The stratigraphy consists of a
lower basalt unit (Lunnon Basalt) overlain by komatiite
{(Kambalda Komatiite Formation), another basalt unit
(Devon Consols Basait), the pelitic Kapai Slate and an upper
basalt unit (Paringa Basalt). This mafic-ultramafic
succession is overlain by the felsic volcanic and velcani-
clastic Black Flag Group, which is in turn unconformably
overlain by the polyinictic sedimentary rocks of the
Merougil Group. The Lunnon Basalt and Kambalda
Komatiite Formation are of particular interest at
Kambalda, as massive Fe-Ni-Cu suifide bodies ate typically
found at the contact between the two units. The age of
these greenstones is known from the Kapai Slate with a
U-Pb SHRIMP age of 2692 = 4 Ma {Claoué-Long et al. 1988),
interflow sedimentary rocks overlying the basal flow of the
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Kambalga Komatiite Formation with a U~Pb SHRIMP age
of 2709 = 4 Ma (J. Claoué-Long pers. comm. in Clout 1991)
and Re-Os isotopic studies of the komatiites giving an age
of 2706 * 32Ma for the Kambalda Komatiite Formation
(Foster et al. 1996).
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Figure 2 (a) Location of the MecComish Prospect in the
Tramways region, Kambaida. The boxed area is ehlarged in (b).
(b) Contour map of the depth to the contact between the Lunnon
Basalt and the Kambalda Komatiite Formation, superimposed on
the surface geology, to show the geometry of the McComish
trough structure. The area i subdivided intc Western (W),
Central (C) and Eastern (E) domains and {he holes relogged
for this project are shown as cpen circles tmodified from an
unpublished Kambalda Nickel Operations document).

A briel summary of the regional metamorphic and
deformation evolution follows (Archibald 1985; Swager
et al. 1992: Bennett 1985). The D, deformational style is
characterised by regionally extensive south to north thrust.
ing and recumbent folding. Open, upright folding and
doming is characteristic of Da. producing structures such
as the Kambalda and Widgiemooltha Domes. D, structures
also include north-northwest-trending upright reverse
faults. Late D:~early D; deformation is associated with
peak metamorphic conditions (520 + 20°C and 100400 MPa:
Bavinton 1979) and granitoid intrusion. Gold mineral-
isation is associated with Dy and D, which is associated
with reactivation of earlier formed fault systems,

The Tramways region is bound to the north and east by
the Tramways thrust (D), and the regionally extensive
Boulder-Lefroy shear zone (Di-D.), respectively. The
stratigraphy of the Tramways region has been interpreted
to be equivalent to that of the Kambaida Dome (Gresham
& Loftus-Hills 1981) (Figure 2), and all the stratigraphic
units are present at Tramways except for the Merougil
Group of sedimentary rocks. The Tramways succession
has been intruded by subvolcanic intrusions of a felsic-
intermediate composition. The McComish Prospect is a
trough structure situated at the contact between the
Lunnon Basalt and the Kambalda Komatiite Formation,
containing disseminated Fe-Ni-Cu sulfide mineralisation.
Thetroughisa north-northwest-south-southeast-trending
asymmetric structure, which appears to be bound on the
western margin by an upright reverse fault (as described
later). The area of study has been subdivided into three
structural domains, east, west and centre of the trough
(Figure 2). The only stratigraphic units present at
McComish are the Lunnon Basalt, the Kambalda Komatiite
Formation and a limited amount of Devon Consols Basalt.
Subvolcanic intrusions were also observed. Previous
work at Tramways includes unpublished stratigraphic and
structural-metamorphic studies (Archibald 1985), ore-
genesis studies (Curl 1997) and a volcanological study of the
Kambalda Komatiite Formation (Hollamby 1996).

METHODS

All data were collected from diamond drillcore as there is
no surface exposure, nor any underground mine develop-
ment at McComish. Twelve holes were relogged at
centimetre-scale locally, covering an area of approximately
400 x 800 m (Figure 2), and corresponding to over 3600 m
of drillcore. Petrographic examination was undertaken
to characterise textural and mineralogical variations. In
addition, two drillholes from the Kambalda Dome (KD6068,
KD8723) with exceptionally good preservation of primary
igneous textures were relogeged to establish the scales of
textural veriation possible in the Kambalda Komatiite
Formation. Facies analysis was performed at two scales
at McComish: (i) discrete lithofacies were identified
and their relationships to each other within a flow unit
were studied; and (ii) the relationship between different
types of flow units within the trough was also studied,
Although there is evidence of structural deformation of
the McComish trough, as discussed below, consideration
was given as to whether this deformation modified an
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existing volcanic structure or whether the present trough
is unrelated to volcanic processes,

OBSERVATIONS AND RESULTS

The Kambalda Komatiite Formation at McComish has been
intruded by felsic. xenolith-bearing intrusions. Contact
metamorphism of the adjacent komatiite and subsequent
fluid interaction has completely obliterated textures locally.
Hydraulic brecciation is typically well-developed within
these alteration haloes, which range from a few cenlimetres
{o ~10m in thickness. Localised intervals of sheared and
brecciated core, in which no primary textures are pre-
served, are distributed throughout the sequence at
McComish. Apart from these localised zones of foliation
and cataclastic shearing, the rock fabric is not severely
structurally overprinted, and pseudocmorphed primary
igneous textures are observed within relatively coherent
intervals. No cross-cutting relationships were observed
between different struciural fabrics and it was not
possible to distinguish between deformational events in the
drillcore, as the orientation of the core was not known.
The Lunnon Basalt is typically foliated and {(or)
brecciated approaching the contact with the Kambalda
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Komatiite Formation, and primary igneous textures
are not preserved. The contact has accommodated strain,
producing a foliation in both units paraliel to the contact.
It appears to be concordant and commonly gradational due
to modification of textures by overprinting of secondary
alteration minerals. The competency contrast and
shearing between the two units appears to have provided
a preferential conduit for metamorphic fluids along the
contact, obliterating primary textures locally. Typical
mineral assemblages comprise chlorite, amphibole, large
euhedral sulfide phenocrysts, talc and feldspar. Generally
each unit is foliated for ~20 cm adjacent to the contact and
the base of the Fe-Ni-Cu sulfide mineralisation occurs
approximately 10cm above the foliated zone. Metasedi-
mentary rocks were not observed at the contact between the
Lunnon Basalt and the Kambalda Komatiite Formation,
nor were any seen throughout the sequence. Rocks that
have previously been documented as metasedimentary
(Hollamby 1996) are interpreted in this study to be chloritic
tectonites and albitised metabasalt. Evidence of thermal
and {or) physical erosion was not observed (i.e. no melted
substrate, irregular contacts, basalt inclusions, resorption-
like embayments or felsic ocelli) at the base of the
Kaimbalda Komatiite Formation, nor throughout the
sequence at McComish.

Figure 3 Graphic log
showing the degree of tex-
tural preservation in a
representative  drillhole
(TD869) from McComish.
Relict igneous textures are
believed to constitute
~10% of the tiotal
Kambalda Komatiite
Formation (KKF) viewed
in drillcore. (a) Alteration
halo within the metako-
matiite (right) at the con-
tact with a felsic intrusion
(left); TD844, 337.7-338m.
(b} Shear zone within the
metakomatiite;  TD8G4,
426—432m. Brecciation is
more intense in places
through the shear zone,
and the orientation of
structural trends is difti-
cult to determine in drill-
core. Coin in(a)is 2emin
diameter; lens cap in(b) is
~5em.

e ———————
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Extensive taic-carbonate alteration, particularly toward
the base of the Kambalda Komatiite Formation at the
MecComish Prospect. has resulted in the destruction of the
primary mineralogy and almost all of the primary textures
on a mesoscopic scale. Abundant porphyroblasts of dolo-
mite and magnesite obscure original textures. Similarly,
localised serpentinised domains throughout the Kambalda
Ni province have been overprinted by talc-carbonate
alteration. Dre to the effect of secondary processes
discussed above, it is estimated that only ~10% of the total
Kambalda Komatiite Formation at McComish contains
relict igneous textures (Figure 3) and this level of preser-
vation is typical of the Tramways region {Hollamby 1996).
The relict igneous textures are locally well-preserved by
secondary minerals pseudomorphing olivine. Chlorite and
antigorite are the two most common minerals to have
pseudomorphed olivine, and less commonly tale and biotite.
Although voluine changes may have been associated with
metamorphism and alteration, the shapes of the primary
igneous grains have been preserved. Finely disseminated
magnetite, released during serpentinisation typically
occurs at the boundaries of pseudomorphed olivine grains,
making their form more visible. Relict olivine was not
observed at McComish. The groundmass of the komatiites
is composed of various proportions of amphibole,
talc. chromite, magnetite and carbonate ininerals. The
morphology of metamorphic amphitoles is possibly most

KOMATIITE TEXTURAL ZONES

Chitled margin + brecciated flow-top

Random bladed spinifex;
randornly orienied, elongate olivine blades

Random platy spinifax:
parallsl olivine plates form discrele packages or books.
The books are randomly arranged relative to other books.

Shaat spinifex:
backs of olivine plates are aligned subparallel to each oiher,
generally oriented parpendicular 10 the flow-top

Skelelal cumulate:

skeletat oliving grains are set in a fine-grained
groundmass.

Elongate grains are cormmonly aligned subparallet to each
other forming foliated zones parallel to the original flow-1op;
equant and tabular grains are lypically randomly arranged,

Cumulate:

Sub-rounded, polyhedral ofivine grains are set in a fine-
grained groundmass. Orthocumulales have a high
proportion of inlerstitial materiul between cumulate
grains, and masccumwales have less,

Chilled margin + bracciated flow base

Figure 4 Schematic profile through a hypothetically complete
differentiated komatiite lava flow (adapted from Pyke et ai.
1973 and Hill et al. 1990). The flow is subdivided into an A
zone consisting of an aphanitic chilied flow top (A1), random
spinifex (A2), and sheaf spinifex (A3); all overlying the B
zone containing a foliated skeletal cumulzate (B1), and an ortho-,
meso-, adeumulate zone (B2-Pa3).

simjlar to primary igneous textures. They can be dis-
tinguished from pseudomorphed olivine grains, as they are
generally more tabular or plumose in shape, and contain
irregular, ragged margins.

Textural facies préserved in the Kambalda
Komdtiite Formation

Seven lithofacies were identified in the Kambalda
Komatiite Formation at McComish, five of which fit into
the traditional subdivision of komatiite flows {Pyke et al.
1973) (Figure 4). These lithofacies are described below, but
first ihe criteria used to identify flow boundaries at
McComish are discussed. Komatiite flow boundaries are
generally identified by the presence of flow-top and basal
breccias, and (or) chilled margins which are aphanitic
grading into random spinifex textural zones (Arndt 1986).
Interflow sedimentary rocks are obviously also a good
indicator of flow boundaries. The lack of sedimentary
rocks at McComish in addition to the effects of polyphase
deformation and metamorphism prevent all flow bound-
aries from being identified. A flow unit can occur at any
scale and at any scale is defined by a chilled top and base.
Flow-unit boundaries, where preserved, were identified
mostly by the presence of platy spinifex textures in spinifex
texi.. al zones, which represent downward crystal growth
from a chilled surface (Turner ¢f a/. 1986). Random bladed
spinifex textures also represent high degrees of super-
cooling, although random bladed spinifex grains do not
require a chilled surface for nucleation and hence are not
always associated with flow (unit) boundaries. Cumulate
textural zones are generally poorly preserved due to
talc-carbonate alteration, and it is considered that major
intervals of talc-carbonate altered core originally repre-
sented cumulate textural zones (Gresham & Loftus-Hills
1981). No spinifex zone at the margin of a komatiite has ever
been documented as being more than a few metres thick.
Since the preserved thickness of the basal komatiites at
McComish are at least ~50 m thick, it follows that many, if
not all, platy spinifex zones represent flow-unit boundaries.

Within identified flow units, the level of preservation
of primary igneous textures ranges from poor to excellent.
Centimetre-scale variations in textures were observed in
more complete sections (Figure 5), suggesting that the
differentiation of a flow (unit) into two zones, the spinifex
A zone and cumulate B zone, is too simplistic (Figure 4).
Below is a summary of identified textural zones and
the complexities in their relationships with each other
based on observations both at McComish and the reference
drillholes from Kambalda.

RANDOM BLADED SPINIFEX

Individual pseudomorphed olivine blades are commonly
5-10 mm long, but may be up to more than 20 mm in length
and 0.5 mm wide (Figure 6a). The blades are not rectangu-
lar in shape, but vary from feathery tc hollow skeletal
grains, typically with pointed ends. It is common for the
groundmass between the blades to contain inierblades,
which are smaller spinifex blades or plates on a micro- to
niesoscopic scale. Discrete zones of bladed spinifex range
from <5¢m to 1.1 m in thickness. Random bladed spinifex
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is commonly found at the top and (or) base of a spinifex
textural zone at McComish., however it is not always
pI‘ESEl‘lt.

RANDOM PLATY SPINIFEX

The open random arrangement of books of pseudo-
morphed olivine plates typically results in relatively large
triangular interstices. in contrast to sheaf spinifex. These
interstices may contain more platy spinifex. even at a
microscopic scale. Individual plates are commonly very
narrow (<0.1mm), but may be up to 1.5mm wide and
>20cm long. Random platy spinifex zones are typically
30-50 cm thick and have been observed to be up to 2 m thick
at McComish.

SHEAF SPINIFEX

Pseudomorphed olivine plate dimensions in sheaf spinifex
zones are observed to be similar to those in random platy
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spinifex, and the maximum thickness of the sheaf spinifex
facies at McComish is 1.25 m. Within spinifex textural zones
it was observed that spinifex grains do not always coarsen
and become oriented paralle]l with depth (Figure 4), and
locally the reverse is evident or the progression is more
complex.

SKELETAL CUMULATE

The shapes of pseudomorphs after skeletal olivine grains
range from euhedral to tabular hopper erystals lo elongate
grains. Elongate skeletal camulate grains are distinguished
from spinifex grains by their lower aspect ratio, not their
position in a flow. Skeletal cumulates tend to have grains
more sparsely distributed than ofher curnulate rock types,
and grains are up to 7-8mm long and 0.6-3.0 mm wide.
Skeletal zones are generally observed to be 20-30 cm thick
at McComish. but mav be as thin as 2,5-5.0 cm. Skeletal
cumulate zones are not simply confined to lhe interface
between the spinifex and orthocumulate zones. as has been
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commonly depicted in generalised zoned komatiite textural
models (Figure 4). They also occur: (i) at the base of or
within orthocumulate textural zones, locally containing

small patches of random bladed spinifex:; and (ii) in
some instances platy spinifex zones are separated only
by skeletal cumulate, Variations in the morphology and

Figure & Drillcore samples and textural photomicrographs of relict igneous textures in the Kambalda Komatiite Formatjon, McComish
Prospect (coin is 2 cin in diameter). (a) Random bladed spinifex. Elongate pseudomot-phed olivine blades are arranged randomly ina
ta}c—amph ibole groundmass (TD864, 237.6-237.7 m). (b) Cumulo-spinifex. Psendomorphed elongate skeletal olivine blades occur inter-
stitial to mere equant relict cumulate grains (right of photo); crossed polars, ficld of view 1.5mm (TD6105, 201.8 m). (c) Amygdales,
Carbonate porphyroblasts have nucleated on vesicles, the outlines of which are preserved microscopically by oxide minerals; trans-

m?tted light; field of view #mm (TD891, 485 m). (d) Amygdales. Rounded to slightly elongate vesicles are infilled with chlorite and con-
tain carbonate rims. {TD844, 385.6-385.7 m).
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degree of alignment of cumulate grains occurs on a scale
of centimetres.

CUMULATE

Ortho- and mesocumulate textures are rarely preserved
on a mesoscopic scale at the McComish Prospect, however
they are commonly identifiable microscopically. Textures
are best-preserved in rocks that did not undergo carbonate
alteration, as magnesite porphyroblasts, generally absent
in lower Mg spinifex zones, tend to obscure primary
textures. Cumulate crystals are consistently 0.50-0.75 mm
in diameter, and the thickest preserved zone cbserved at
McComish is ~8m thick.

CUMULO-SPINIFEX

Cumulo-spinifex is a general term used to describe hybrid
textures in Komatiites (Moore 1998) and this facies has
not been well-documented previously (Barnes et al. 1974).
Four types of cumulo-spinifex texture were observed in
this study, each with a close spatial relationship between
cumulate and spinifex grains,

(1) The transition between cumulate and spinifex
zones is commonly gradational, with isolated patches of
random spinifex blades occurring within the cumulate.

(2a) Within thick cumulate zones, small chloritic
patches a few centimetres in diameter occur, contgining
pseudomorphed spinifex blades that are clearly identifiable
microscopically. The patches tend to have clear, well-
defined boundaries, and range from irregular in shape to
vein-like.

(2b) The contacts of discrete zones of spinifex within
thick cumulate zones are more gradational than those in
(2a), and cumulate grains have been observed interstitial
to the elongate spinifex blades. )

(3) Books of platy spinifex have been observed
randomly arranged in the interstitial groundmass to
euhedral, equant cumulate grains (Barnes et al. 1974). This
was only observed microscopically (Figure 6b).

The cumulo-spinifex facies is found in localised domains
throughout the sequence, at various positions within
flow units, Its relationship with other facies may be better
constrained in sequences with more complete preservation.

AMYGDALES

Amygdales (i.e. vesicles that have been infilled by secon-
dary materials) were first identified and documented at
Kambalda by Beresford et al. (2000) and this is the first
reported occurrence of them at Tramways. The amygdales
are typically spherical, but locally are clongate to irregu-
lar in shape. Amygdales are filled with various proportions
of carbonate minerals, talc, chlorite, serpentine and
Fe-Ni-Cu sulfide. They are not to be confused with ocelli,
which by definition are ‘rounded feldspathic giobules’
(Frost & Groves 1989). Some minerals {particularly oxides)
form rims on relict vesicles. Dolomite and magnesite
porphyroblasts appear to have nucleated on vesicles/
amygdales, and in those cases oxide rims provide the only
evidence of a vesicle origin (Figure 6¢). Sulfidic amygdales
are generally more difficult to identify than vesicles infilled
with silicate minerals, as the sulfide is more ductile

and more easily deformed than the surrounding silicate
rock. In addition, amygdales locally coalesce to form
larger, irregular-shaped blebs up to 2 cm in size. Generally
amygdales range from millimetres to >1cm in diameter.
with an average of 2-3 mm (Figure 6¢c, d).

Amygdales are only preserved at McComish within the
thicker, higher MgO basal flow units, and tend to ocecur in
definable zones which range from 2 to 24 m in thickness.
These zones were observed at McComish to occur at
discrete horizons in the cumulate facies, either directly
overlying or directly underlying platy spinifex, or in
isolation from it. These amygdaloidal zones correspond
approximately to the interpreted flow-unit base, top and
centre, respectively The size and distribution of amygdales
in any given zone is variable, allowing individual zones to
be subdivided into subzones. The abundance of amygdales
within these subzones varies from <35% to ~25%.

McComish trough structure

A contour map of the depth to the subsurface contact of the
Lunnon Basalt and the Kambalda Komatiite Formation
constrains the shape of the trough structure at McComish
(Figure 2). Diamond drillcore data provide depths to
the contact, and these values were projected to a vertical
plane to compensate for irregular angles of drilling. The
trough trends north-northwest-south-southeast, is strongly
asymmetric, and the western margin is interpreted to be
fault-bound. There is up to 2060 m vertical displacement of
the contact across the inferred fault, over a horizontal
distance of <100 m (Figures 7, 8). The faunlt is not intersected
by any of the driilholes relogged in this study. However, one
hole (DDR TDY23) contains two sheared repetitions of the
footwall Lunnon Basalt above the contact, interpreted as
thrust wedges produced by splays from the main fault
(Figure 8c). Based on detailed structural mapping of the
area {Archibald 1985; Benriett 1995) and constraints at
McComish, the fault is believed to be a north-northwest.
trending, upright, reverse fault produced during D,or Dy
deformation. There appears to have been a late strike-slip
component due to the inferred truncation of the sub-
volcanic intrusions in the trough (Figures 7. 8). The
central and eastern portions of the trough are relatively flat
and the eastern boundary is difficult to distinguish. The
area of study is subdivided into three domains (Figure 2)
and the volcanic facies architecture and nickel sulfide
distribution are explored in this context.

Two associations of komatiite lows have previously
been identified in the basal flows of the Kambalda
Komatiite Formation: the channel facies and the flanking
sheet-flow facies (Cowden & Roberts 1990) (Table 1).
Channel facies flows are characteristically much thicker
than the flanking sheet flows. The antithetic relationship
between contact sedimentary rocks and contact Fe-Ni-Cu
mineralisation in the channel facies has been important in
ore genesis models (Lesher ef al. 1984). Sedimentary rocks
were not observed at McComish, hence this relationship
eould not be evaluated. The only criteria that are useful for
facies analysis at McComish are the extent of mineral-
isation and flow-unit thicknesses. The relationship between
trends in these parameters and the trough-like structure
are discussed below.
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FLOW-UNIT THICKNESS VARIATIONS ACROSS THE TROUGH

The three basal flow units of the Kambalda Komatiite
Formation at McComish are 2 to 138 m thick, and the
identified flow-unit thicknesses are documented in Table
2. In some instances alteration, felsic intrusions, or lack
of primary textures prevent the thicknesses of the three
basal flow units from being determined. The values
have been considered in terms of their position in the
three identified structural domains (Figure 2} in order
to inierpret any trends in the context of the trough
structure. In each of the three structural domains all basal
flow units are observed to be more than the thickness
defined for flows in the sheet-flow facies {i.e. 10-20m;
Cowden & Roberts 1990). There is no identifiable trend in
lateral or vertical variations in thickness. However, the
thickest occurrences of the two lowermost flows occur in
the western domain, not the central {cr trough) demain.
Even if it were possible to remove the effects of defor-
mation in moedifying the original fiow-unit thicknesses, it
appears the geometry of the komatiite lava-flcw field is far
more irregular and complex than previously considered.
Flow-unit thicknesses range from <10m to >100m over
relatively sinall vertical and lateral distances. This is
illustrated in Figures 7 and 8, which are interpretative
cross-sections and longitudinal sections through the
MecComish trough structure (Figure 2). All interpretations
are constrained by observations made from diamond
drillcore (Figure 7).
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Fe-Ni=Cu SULFIDE MINERALISATION

The concentration of sulfides towards the base of the lower-
most komatiite flow is termed contact mineralisation and
has traditionally been used to distinguish between flows of
the channel and flanking sheetflow facies (Cowden &
Roberts 1990) (Table 1). The Fe-Ni-Cu sulfide contact
mineralisation at McComish is weakly to strongly dis-
seminated (540% sulfides) and no massive or matrix
sulfides were observed. Minor sulfides are commonly
found higher in the sequence. Within contact mineral-
isation zones at McComish the sulfide distribution is fairly
heterogeneous, and most zones contain barren patches
ranging from a few centimetres to metres in thickness. In
some cases, the sulfide mineralisation is interstitial to
randomly oriented, elongate psendomorphed olivine
grains. In the Kambalda district this style of mineralisation
appears to be unique to Tramways (Curl 1997). Locally,
irregular-shaped patches of Fe-Ni-Cu sulfides are situated
adjacent to talc and {or) carbonate veins, suggesting a
genetic relationship between alteration-vein formation
and mineralisation.

The thickness of the mineralised zones at McComish
does not appear to be consistently related to flow-unit thick-
ness (Figure 9), as predicted by the channel and sheet-flow
facies model. However, mineralisation zone thicknesses are
far more comparable within each of the structural
domains. The drillholes west of the trough are almost
barren {mineralisation zones are <5m thick), the eastern
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Figure 7 (a) Schematic logs for section A-A' through the McComish trough and (b) corresponding interpretative section A-A’. See
Figure 2 for section location and Figure 5 for legend. Interpretations are constrained by drillcore observations below the subhorizon-
tal line; intervals above the line are inferred, Note the distribution of the mineralisation and the variable flow-unit thicknesses. Due
to the scale of the section not all relict textures observed are shown, but only inferred flow-unit boundaries (see text). The western
margin of the McComish trough is bound by a reverse fauit with a strike-slip component.
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Figwe 8 Interpretative sections (a) B-I¥", (b} C-C’ and (c) D-D’
through the McComish trough. See Figure 2 for section locations
and Figure 5 for legend. Interpretations are based upon drillcore
observations below the subhorizontal lines. Note in (b) the repe-
titions of wedges of the Lunnon Basalt in the komatiite. Note that
section D-D’ is a longitudinal section.

holes are weakly mineralised (~10m thick) and the
thickest contact mineralisation zones occur in the trough
centre (up to >30m thick), regardless of basal flow-unit
thickness. The asymmetric trough structure is defined by
an upright reverse fault on the western margin. The
height of the mineralisation zones above the base of the
komatiite (1.e. mineralisation zone thicknesses) appears to
be relaled to the position of the inferred fault, with the
maximum height of mineralisation occurring adjacent to
this structure (trough centre}, and a progressive decrease
in height with increasing distance to the east (Figures 7,
8). To the west of the fault the extent of Fe-Ni-Cu minerali-
sation is very limited.

DISCUSSION

Clearly the preservation of primary igneous textures in
the Kambalda Komatiite Formation at McComish is very
limited, and metamorphic and structural effects are more
intense than reflected in previous publications on the
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Kambalda Ni province. However, this medification is
typical of the Kambalda Ni province as a whole and it is
therefore unclear how valid previous reconstructions and
models are. More detailed studies, documenting in detail
the current geological state of the suecession are required
to gain a better understanding of the secondary processes
before original or primary processes can be fully under-
stood. Based ont the geology presented, the origin of the
McComish trough and associated sulfide mineralisation is
explored, by considering observations in terms of current
ore-genesis models. The results are then considered in
terms of existing komatiite flow emplacement models,

McComish trough structure: implications for the
origin of the trough and associated sulfide
mineralisation

Various theories have been proposed for the origin of
mineralised trough structures in the Kambalda Ni province
(Huppert et al. 1984; Lesher et ai. 1984; Huppert & Sparks
1985; Groves et al, 1986; Cowden 1988; Cowden & Roberts
1990). Inherent to each theory is the assumption that
komatiites flowed turbulently, creating a channel facies
{* sulfide mineralisation). and that thetre is a close spatial

relationship between the channel facies and trough
structures. It has been established that the McComish
trough is a structural feature, produced during D. or D;
deformation. The extent to which the inferred fault
modified pre-existing veoleanic features (e.g. volcanic .
‘channels’) is explored. No central channel facies and
associated flanking sheet-flow facies were identified at
McComish: the thicknesses of all basal flow units lie
within the range defined for channei facies flows (Cowden
& Roberts 1990). There were no thickened basal flow units
corresponding to a central ‘channel’ zone associated with
the trough; the flow units are as thick in the flank areas
adjacent to the trough as they are in the trough. There is
no evidence of a significant pre-existing topographic
depression in the Lunnon Basalt prior to komatiite
emplacement and structural deformation. There is no
evidence of thermal erosion, including the characteristic
‘re-entrant embayments’ (Huppert ef al. 1984; Lesher et al,
1984; Huppert & Sparks 1985). For these reasons the
McComisl trough is considered to be structural in origin
and its present position is unrelated to primary volcanic
processes.

Similarly, although it is widely accepted that the
Fe-Ni-Cu sulfides are magmatic in origin (Cowden 1088;

Table 1 Distinctive characteristics used to construct a volcanic facies model in the basal flows of the Kambalda Komatiite Formation
(Cowden & Roberts 1990) and its application at the McComish prospect.

Distinctive characteristic Channel facies

Sheet-flow facies

Application to McComish

Extent of Fe-Ni sullide
mineralisation

Flow thickness Up to 100 m thick

Mineraiised Barren

10-20 m thick

Thickness of contact mineralisation
zones compared

Flow-unit thickness inferred and

compared
Composition: volatilefree MgO Up to 45 wt% 16-36 wi % Not widely sampled and delermined
Presence/absence of interfiow Rare Common Absent

sedimentary rocks

Facies geometry

Cumulate:spinifex ratio High Low

Lensoidal rock units TFabular rock units Undetermined

Preservation incomplete: meaningless ratios

Table 2 Thicknusses of the three basal flow units identified within the Kambalda Komatiits Formation at McComish, corrected for

true thickness.

Hole no.
Basal unit

Flow-unit thickness (m)

2nd flow unit from base 3rd flow unit from hase

Western domain

TDS049 59
TD8Y -
THEEW 138
Central domain

D923 -
TD86T -
TD844 119
TD8I 111
TD8105 96
Eastern domain

TDg22 - 67
TD869 T
TD862 i

TD864 59

83 16
24 6
82 10.5
45 137.5
1.5 2

9 37.5




670 A.G. Moore et al

Lesher 1989; Naldrett 1989), the present distribuiion at
McCom‘sh does not appear to be primarily controlled by
voleanic processes. The thicknesses of Fe-Ni-Cu suifide
mineralisation zones are not correlated to flow-unit thick-
nesses. Instead, the thicknesses of observed disseminated
mineralised zones vary consistently across the trough,
decreasing with increasing distance from the fault. This
suggests structural-metamorphic meodification of the orig-
inal sulfide distribution and further studies are required
to determine how the mineralisation was ariginally related
to primary voleanic processes.

It is proposed that primary magmatic sulfides settled
towards the base of komatiite flows in narrow linear zones,
which were perhapsearly lava tubes in the developing flow
field (see discussion below), irrespective of flow thickness.
The faults that produced trough structures at Kambalda are
considered to have ‘preferentially nucleaied at massive
sulfide contacts during peak metamorpbic conditions’
{Cowden & Archibald 1991). Unequal strain partitioning
resulted, due to the competency contrast between massive
sulfide and barren altered ultrtamafic rocks. The inferred
north-northwest-trending fault at McComish may have
nucleated close to the highest concentration of sulfide. It
is proposed that subsequent remcbilisation of the sulfide
mineralisation by fluids preferentially propagating along
the fault modified the original distribution, resulting
in ihickened disseminated mineralised zones within
the central structural domain, adjacent to the fault. It
seems reasonable that the western bounding, west-dipping
fault acted as a fluid conduit. The ciose spatial association
between the Fe-Ni-Cu sulfide mineralisation and veins
in some places at McComish, and the greater than
normal height of mineralisation above the base of the host
komatiite further supports the possibility of remobilisation
of the sulfides. Obviously more detailed studies on the
structural and metamorphic controls are required to test
this hypothesis, but this would require further drilling or
underground development.

Textural variations: implications for komadtiite lava
flow emplacement mechanisms

Traditionally, it has been considered that komatiites flowed
turbulently, at extremely high velocities, fed by very high
lava supply rates at vent (Huppert ef ai. 1984; Huppert &
Sparks 1985), and entire flows cooled by forced thermal and
compositional convection (Huppert ef al. 1984; Arncdt 1986;
Turner et al. 1986). More recently, it has been proposed that
altnough komatiite lavas were probably turbulent at or
near the vent, as the lavas spread out and their surface
area increased on eruption they flowed in a more laminar
fashion (Cas et al. 1999). Komatiite lava flow units are
considered to have progressively thickened over extended
periods, possibly through endogenous growth beneath a
chilled crust (Cas ef al. 1999}, analogous to modern basalt
pahoehoe lava flows (Self et al. 1998). A network of feeder
tubes is considered to have evolved beneath an insulating
surface-chilled crust. A continuing supply and (or) pulses
of fresh lava were fed to the flow front through this
interior tube system, progressively raising the chilled
crusts and causing the lava to thicken. Observations at
McComish are more consistent with the latter model.

In order to explain the apparently random distribution
of fow-unit thicknesses across the McComish trough, it is
proposed that a complex network of feeder tubes formed,
with maximum inflation occurring at the centre of each
tube and solidification at the margins, rather than one
central ‘channel’, The developing lava tubes are considered
to have formed constructional complexes (Hon ef al. 1994;
Self etal. 1098; Cas et al. 1999) thus accounting for the appar-
ent lack of a significant topographic depression in the
Lunnon Basalt prior to the komatiite lava emplacement. It
is considered that the emplacement process was relatively
continuous, as the absence of significant time breaks
between lava pulses permitted no sediments to accumulate
at McComish. Progressive inflation of the lava flows
(+ localised structural modification) is considered to
explain the extraordinary flow-unit thicknesses observed,
unless such very thick units are intrusive in origin (Cas et
al. 1999). Because the viscosity of komatiites is two to three
orders of magnitude less than basalts, komatiite flows
should be much thinner than basalt flows. However, the
preserved thickness of many of the komatiite lava flow
units in the Kambalda Ni province is greater than that
typical of most basalts (Cas et ¢l. 1999). All the basal units
at McComish are in excess of 50 m thick, and it is difficult
to envisage emplacement of lava flows at this scale by
turbulent lava with crystallisation of entire flows during
convection, Similarly, it is difficult to explain the observed
textural variations in terms of the emplacement and
crystallisation of turbuiently flowing komatiite lavas, as
discussed below.

SPINIFEX PROGRESSIONS

It was originally proposed that komatiite lavas cooled
by convection to account for the high degrees of cooling
considered to be required for spinifex growth (Turner et al.
1986). Although it is still considered that spinifex formation
represents supercooling, the MgO content (Donaldson 1982)
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and the magmatic water content (Grove et al. 1997) of the
lava are considered to control its development to some
extent, and the role of convection is unclear. If convection
is not a prerequisite for spinifex growth, olivine spinifex
grains will not necessarily become coarser and oriented
parallel with depth (a downward progression from random
bladed, to random platy, o sheaf spinifex: Figure 4)
(Huppert et al. 1984). Instead, the spinifex growth orien-
tation and rate is likely to depend on the rate of inflation
and drainage of lava from the tube. For ecxample, each
fresh injection of lava intc the tube may cause lava to be
‘plastered’ to the tube roof, resulting in random bladed
spinifex formation. The thickness of the spinifex zone
produced, in addition to the length, merphology and
orientation of spinifex crystals within the zone, will
depend on the activity of the lava in the tube (e.g. platy
spinifex grows downward from a stable crust into station-
ary molten lava) and convective cooling will be limited.
Thus deviations in textural zonation from the hypotheticai,
differentia.d komatiite lava flow (Figure 4) can alter-
natively be explained through the complex process of
endogenous growth of komatiite lava flows.

CUMULATE FACIES: SKELETAL AND ORTHOCUMULATE

It is proposed that during the inflation process, 1./a
beneath the chilled crust also cools and solidifies to some
degree prior to the injection of fresh molten material,
thus preventing complete homogenisation of the lava
within flows (Figure 10). The small-scale repetition of relict
skeletal and polyhedral orthocumulate facies (with inter-

a
@ Chillled crust
T Molten lava with
T buoyant vesicles
(b) «::"‘.‘_' Yl

Injection of e S ren v o e s
frash lava =

~
Semi-solidified lava with

(©) curnulate crystals

{d)

Figure 10 Schematic diagraitis showing the progressive inflation
of a single flow unit. (a) Spinifex forms beneath the chilled crust
and vesicles rising buoyantly through the :0lten lava are
trapped beneath. The lava begins to cool xad crystallise cumu-
lus olivine. (b) A fresh injection of lava aceurs direvily beneath
the chilled crust causing the crust to be raised, The partially crys-
tallised lava is now too viscous for vesicles to rise through,
although they readily rise through the molten material. (¢) The
process repeafs itself numerous times resulting in(d) the preser-
vation of vesicle horizons at the base, centre and top of flow units.
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mittent random spinifex zones) suggests the flow does not
convect and differentiate as a large single convective
system. This i5 not consistent with previous models (Silva
et al. 1997) that have proposed that olivine crystals forming
the skeletal and polyhedral camulate facies are segregated
primarily by gravitational settling in a convecting flow.

AMYGDALES

Further evidence for the semi-solidification of lava in
inflating lava tubes is the presence of discrete horizons of
amygdales in the centre of flow units and in thick basal
zones (Beresford et al. 2000). If a flow had differentiated and
cooled as a single entity, vesicle horizons would be expected
to be confined beneath the spinifex horizon representing
the flow top. Alternatively, it is envisaged that the lava flow
units are built up graduaily through successive pulses or
injections of fresh lava beneath an inflating chilled crust.
Prior to the injection of fresh material, the residual lava is
believed to have cooled enough to be too viscous for the gas
bubbles to rise buoyantly through it (Beresford et al. 2000)
(Figure 10). Multiple amygdale horizons in a single flow
unit therefore preserve the process of progressive inflatinn
of alava tube.

CUMULO-SPINIFEX

It is widely accepted that within flow units the spinifex and
cumulate facies formed simultaneously, through forced
thermal and compositional convection. An interface is
considered to have formed between the textural zones,
preventing crystals from passing between them (Turner et
al, 1986). However, the presence of cumulo-spinifex textures
at McComish suggests that there is a closer interaction
between the grains during crystallisation than is suggested
by the accepted models. Komatiite lavas are considered to
have contained cumulate grains upon eruption. Cumulate
horizons are produced by gravitaticnal settling of these
grains, as well as by subsequent in flow and in sifu
crystallisation and settling, As the lavas were cooled
beneath chilled crusts, the groundmass is considered to
have cooled relatively rapidly, forming mainly glass with
some skeletal olivine grains but also containing some
suspended cumulate grains. This is a possible way of
forming platy spinifex interstitial to cumulate grains, and
may account for the gradational boundary observed locally
between the spinifex and cemulate textural zones.

SUMMARY

The komatiite lavas of the Kambalda Komatiite Formation
are interpreted to have erupted in a subagqueous enviroi-
ment, due (o the conformable relationship with the under-
lying pillowed Lunnon Basalt and the nature of the
associated sedimentary rocks (Cowden & Roberts 1980). On
eruption, the komatiite lavas are proposed to have initially
spread as thin, fluidal sheets, much like basalt pahoehoe
lava, but significantly thinner because of the significantly
lower viscosity. The lava propagated by lava breakouts from
the relatively thin advancing flow front, in the form of toes
or sheets with thin ‘plastic’ skins. These spread laterally
and coalesced, forming smooth chilled crusts represented
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by spinifex zones. Crust formation is considered to have
been virtually instantaneous, due to the high temperature
difference between the hot lava and the water it was
erupted into. As fresh Java was injected into the insulated
interior the crust was raised and the fiow unit progressively
inflated. All margins lost heat to the surroundings (top, base
and sides), resulting in the formation of tubes and lobes.
Over extended periods. a network of feeder tubes is believed
to have formed beneath actively inflating sheet flows and
the lava was focused along discrete pathways (Hon e! dai.
1994). A laminar flowing lava will cool by conduction rather
than convection, thus the entire active flow unit is not
necessarily differentiated into an overiying spinifex
zone and a relatively homogeneous orthocumulate zone
separated by skeletal cumulate (Figure 4).

CONCLUSIONS

Despite having potentially experienced up to four phases
of deformation, upper greenschist—lower amphibolite
metamorphic grades, and subsequent alteration, the
Archaean metakomatiite sequence at McComish contains
localised domains of moderately well-preserved relict
igneous textures. Observations were interpreted in the
context of existing inodels for komatiite lava emplacement
mechanisms and ore genesis. Complexities in the con-
ventional subdivision of komatiite flows into an upper
spinifex A zone, and lower rumulate B zone were observed
at McComish. The relationships between identified textural
facies cannot be accounted for by traditional komatiite
crystallisation models involving convective cooling of
entire flows. Alternatively, the textural variations
are more consistent with progressive inflation of semi-
solidified lava feeder tubes beneath solid crusts, sometimes
involving muitiple pulses of lava. A complex network of
feeder tubes is considered to have evolved with maximum
inflation occurring at the centre of each tube and solidifi-
cation of the margins. This more adequately explains the
randoin distribution of basai flow-unit thicknesses across
the McComish trough, rather than a central ‘channel’
produced through turbulent flowing komatiite lava. in
addition, endogenous growth of the lavas accounts for the
excessive preserved thicknesses observed. It is likely that
the initial pulse of magma was enriched in sulfides, which
were focused within a lava tube, The present distribution
of ore at McComish does not reflect primary volcanic
processes but appears to have been modified. The thickness
of the observed disseminated mineralised zone varies
consistenttly across the trough, decreasing with increasing
distance from the fault, interpreted to define the western
margin. It is proposed that the fault acted as a finid conduit,
resulting in remobilisation of the mineralisation during
metamorphism and deformation. More detailed structural
and metamorphic studies are required to verify this inter-
pretation and to establish the original relationship between
the mineralisation and volcanic processes.
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AN OVERVIEW OF BASALTIC VOLCANISM IN THE WERRIBEE PLAINS, NEWER
VOLCANIC PROVINCE, VIC: PRODUCTS AND FREQUENCY OF ERUPTIONS

'Hare, A.G., 'Cas, R.AF. & 2Musgrave, R.J.

'Department of Earth Sciences, Monash University, Clayton VIC 3800, Australia
2Deparntmesnt of Earth Sciences, La Trobe University, Bundoora VIC 3086, Australia

Although the Newer Volcanic Frovince (NVP) is classified as an active province, little is known
volcanologically about it, including the frequency and volume of eruptions, the disiribution of lava types,
flow dimensions etc. These parameters are investigated in this study in the Werribee Plains (~2,000 km?)
which is located in the east of the tate Tertiary- Quaternary intra-plate basaltic NVP. Several smail point
source eruption centres are considered to have fed the majority of the lava flows exposed at the surface.
The eruption centres are scoria cones and low-angle lava shields and are considered to have formed by
fissure-fed eruptions in which the magma output was focussed to a point source after a couple of days.
Inflated pahoehoe sheet-flows are the most abundant type of lava flow fed from the eruption centres,
representing ~50 % of all diamond drill core logged, suggesting a substantial propontion of the lavas were
tube-fed. In general the lava flows are relatively thick compared with Hawaiian lavas: pahoehoe sheet-
flows average 6.5 m, S-type pahoehoe lobes average 0.6 m, aa flows average 24 m, and ponded lavas
average 11 m in thickness. The sequence is up to 120 m thick locally, and can be subdivided into distinct
eruption packages (the products of a given eruption), which are generally separated by weathered basait
and/ or paleosols. In order to correlate eruption packages between drill holes a magnetostratigraphy has
been identified. Eruptions have occurred infrequently over the span of three different polarity intervals,
{tentative age constraints; ~3- 1.4 Ma, although radiometric ages are yet to be determined). Further
corretations can he made using the secular variation stratigraphy combined with geochemical data. This
study adds to our understanding of volcanism in plains-basalt provinces, which have largely received little
attention (compared with ocean island basalt and flood basalt provinces).

Key words: basalt, lava, volcanology, magnetostratigraphy, Newer Volcanic Province.
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Establishing the stratigraphy of the Werribee Plains, Newer
Volcanic Province, Victoria: an interdisciplinary approach

Mocre, A.G. & Cas, R.AF.

Department of Earth Sciences, Monash University, P.O. Box 28E, Clayton, VIC 3800, Australia.

The Newer Volcanic Province (NVP) of southeastern Australia is an intraplate continental plains-
basalt province. The province is east-west trending, extending 330 km west of Melboumne into South

Australia, and covers an area of over 15,000 km2. Products range in age from 4.6 Ma - ~4.5 ka.
The NVP is one of only two volcanic provinces in Australia which is presently classified as active, yet
there are aspects of the geology that have not been explored, such as the frequency of past
eruptions and the likelihood of future volcanic activity. Conventional mapping techniques are not
usefui for establishing a stratigraphy in the NVP, because iavas are flat-lying, the topography is flat,
weathering has been extensive, and erosional incision is limited. This study involves establishing a
stratigraphy for the Werribee Plains in the east of the province by employing a number of different
techniques. A network of diamond drill holes (containing up to ~100m basalt thickness) are being
logged, and geophysical well logs interpreted to constrain the palaeotopography. Flow unit
boundaries have been identified in drill core, and palasomagnetic studies are being performed on
each flow unit. Eruption packages can be cerrelated between drill holes, based on the pofarity of the
earth's magnetic field at the time of eruption, which is recorded within the basalts. Within eruption
packages separate volcanic facies will be identified by analysing the internal structure of the basalt
fliow units, including vesicularity trends and petrographic textural zonations. Quarry exposures will act
as a guide to the scale of lateral facies variations, and identified facies will be interpreted in terms of
physical emplacement processes. Whole rock and trace element geochemistry will further aid in
correlating eruption packages, particularly in distinguishing between alkali and tholeiitic basalts. Once
a stratigraphy has been established, geochronological studies will provide absolute ages of the
products, and the frequency of eruptions.

Keywords: Newer Volcanic Province, basalt, stratigraphy
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Emplacement processes and crystallisation of basaltic lavas: insights
from detailed vesicle zonation and petrographic studies.
Alison G. Moore* and Raymond A.F, Cas, Monash University, Clayton, Austratia.

Keywerds basalt, lava, textural zonations, emplacement processes

Much of our present knowledge regarding the morphology and emplacement mechanisms

of basalt lavas has been gained from observations of active flows. In this study we interpret-

the internal textures of basalt flow units in terms of physical emplacement and
crystallisation processes. Data has been collected from the Quaternary Newer Volcanic
Province of southeastern Australia, from diamond drill core (up to >100 m basalt thickness)
and fieldwork in exposed quarry faces. Flow units range in thickness from 1.2 to 27.2 m,
and average 8.5 m. Based upon vesicle zonations, examples of both pahoeheoe and aa lava
flow units have been interpreted to have formed by endogenous growth. The upper vesicular
zones (UVZs) generally constitute ~40-60 % of the total flow unit thickness, and may
contain multiple small vesicle zones, representing separate injections of volatile-rich lava
bereath a chilled crust. The progression in size of vesicles with depth in the UVZ is
generally more complicated than has been described previously (e.g. Cashman and
Kauahikaua 1997, Geology 25, 419-422), reflecting complex emplacement histories of the
lavas. Aa lava flow units are characteristically finer-grained than pahochoe, contain
abundant microphenocrysts, and textures are locally very heterogeneous. Inflated P-type
pahoehoe lobes, ranging from 6.6 to 11.0 m in thickness, have varied groundmass textures.
Within a single flow unit the groundmass texture varies fror consistently fine and
intergranular, to coarse and ophitic, to a combination of the two. These variations may
reflect differences in temperature, hence viscosity, of the erupted material and/or differences
in emplacement styles, resulting in different crystallisation histories. Phenocrysts decrease
in number and increase in size toward the interior of these flows. This suggests that either
the content of the supplied lava has changed over time, or there has been settling of
phenocrysts toward the base of the flow unit. Whether this observed textural zonation
corresponds with a compositional zonation will be confirmed by geochemical analyses.
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