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 Monogenetic volcanoes are the most common form of continental basaltic volcanism on Earth 
and hence present great risk upon eruption in heavily populated areas. Recent studies of individual 
monogenetic volcanic centres demonstrate that, far from being simple in nature as traditionally 
assumed, large variations exist between centres in terms of the types of magmas involved in their 
formation, the sources of those magmas, their stratigraphic architectures, and the timing of the 
eruption products.
 The Pliocene–Recent Newer Volcanics Province (NVP) and in particular the Mt Rouse 
magmatic volcanic complex were studied in detail using desktop, fieldwork and laboratory based 
techniques in order to gain further insights into the processes and occurrences of monogenetic 
volcanism in southeast Australia, as well as the complexity of monogenetic volcanism in general. 
The techniques used in this study can be applied to other monogenetic volcanic fields.
 A database of NVP volcanoes was produced, documenting >729 vents from >437 volcanoes. 
A new classification scheme was proposed for the volcanoes of the NVP, whereby volcanic centres 
are either simple or complex, with subtypes including scoria cones, maars, ash cones and domes, plus 
magmatic, phreatomagmatic and maar–cone volcanic complexes. An average eruption frequency for 
the province is estimated to be 1:10 800 yrs. 
 The volcanoes of the Hamilton area in the Western Plains subprovince were examined in 
more detail, using desk and field-based studies. Sixteen eruption centres were recognised, including 
three previously unrecorded volcanoes. Three phases of volcanism were confirmed, with ages of 
>4 Ma (Phase 1), ~2 Ma (Phase 2) and <0.5 Ma (Phase 3). Geochemically, compositions become 
increasingly alkaline from Phase 1 to 2, with Phase 3 eruptions covering the entire geochemical range 
and extending into increasingly incompatible element-enriched compositions. 
 The complex stratigraphic architecture of Mt Rouse was investigated in detail using field 
mapping and sampling for petrography. Eight main facies were documented, of which two are coherent 
and six fragmental. The eruption styles giving rise to the facies include Hawaiian, Strombolian, micro-
Plinian, violent-Strombolian and phreatomagmatic. 
 Major and trace element geochemical data were generated together with Sr–Nd–Pb isotope 
data for samples selected on the basis of the stratigraphic framework of Mt Rouse. The data define 
three magma batches, Batches A, B and C all of which are geochemically similar to Ocean Island 
Basalts. Each batch features LREE-enrichment, increasing from batch A to C; there is no evidence of 
crustal contamination. The Sr–Nd–Pb isotope data define two groupings, one comprising magma batch 
A and a second for batches B and C. Estimates of the depths of mantle melting from primary magma 
compositions suggest that the magmas were sourced from a zone extending across the lithosphere–
asthenosphere boundary. Batch A was sourced from the deep lithosphere at a pressure of 1.7 GPa, 
corresponding to 55.5 km depth, and batches B and C from the shallow asthenosphere at 1.88 GPa/61 
km and 1.94 GPa/63 km, respectively. A complex eruption sequence outlined for Mt Rouse includes 
sequential eruption of magma batches A, C and B, then simultaneous eruption of batches A and B, 
over four stages with multiple sub-stages and no evidence of time-breaks in eruption. 

Abstract
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This study has shown that monogenetic volcanoes may be far from simple, often showing great 
complexity in terms of their eruption styles and magma genesis. This will have significant implications 
for studies of monogenetic volcanism and the emergent field of study of complex monogenetic 
volcanoes both in the NVP and worldwide.







1

1.1 Introductory Statement

Monogenetic volcanic fields represent the most common form of continental volcanism on 
Earth (Valentine & Gregg 2008), as well as being found on other planetary bodies in the solar system 
such as Mars (Baloga et al. 2007; Bishop 2008; Broz & Hauber 2012). They consist of widely-varying 
numbers of individual volcanic centres (between tens and hundreds) that may erupt intermittently 
over time or in temporal clusters (Condit & Connor 1996; Németh 2010; Le Corvec et al. 2013), with 
many volcanic fields having lifetimes of millions of years (Németh 2010). 

Monogenetic volcanoes, such as scoria cones, maar volcanoes and small lava shields (Ollier 
1967; Wood 1980; Cas & Wright 1987) were conventionally thought to only erupt once, formed 
during one short-lived phase of eruption, which may last hours to years (Foshag & Gonzales 1956; 
Kienle et al. 1980; Camp et al. 1987). This activity was believed to involve the eruption of a single 
batch of magma, as the low magma supply rate was thought to lead to the cooling of magma conduits 
that would normally be used in the ascension of further batches of magma (Walker 2000). Polygenetic 
volcanoes (for example typical large arc stratovolcanoes) are considered much more complex in 
terms of multiple, episodic eruptions from the same general vent, including multiple magma batches 
with a large magma supply rate enabling magma to follow preceding batches along still-hot pathways 
(Wadge 1981; Takada 1994).

More recent studies of monogenetic volcanoes define them as typically erupting relatively 
small volumes of magma in the order of 0.001–0.1 km3 dense rock equivalent (DRE; Kereszturi et al. 
2010; Németh 2010) and rarely exceeding 1 km3 (Smith et al. 2008). This is in contrast to polygenetic 
volcanoes, which repeatedly erupt substantial volumes of material over thousands of years. Generally 
the total erupted volume of a monogenetic volcanic field may rival that of a typical polygenetic 
volcano (Németh 2010). 

Although monogenetic volcanoes have in the past been regarded as volcanologically simple, 
Ollier (1967) observed that maar volcanoes show evidence of complexity in terms of multiple episodes 
of eruption; further, Fisher & Schmincke (1984) showed that different eruptive phases separated by 
small time intervals can give rise to complexity regarding compositional variations and eruption 
styles. More recent research has focussed on the stratigraphic architecture and geochemistry of single 
volcanoes, leading to the observation that each monogenetic volcano is unique. Some feature multiple 
separate batches of magma, and are therefore polymagmatic (whereas volcanoes featuring a single 
batch of magma are monomagmatic; e.g., Brenna et al. 2010), or show compositional variations 
within their eruption sequences. Such volcanoes, when produced from a single series of eruption 
events, cannot be defined as polygenetic (e.g., Brenna et al. 2010). Other volcanoes feature time-
breaks between eruption phases, making them polycyclic.  Monogenetic volcanoes also show great 
complexity in their eruption styles, with a range of styles evident in the stratigraphic record of 

Chapter 1
Introduction
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Chapter 1
individual volcanoes from effusive lava extrusion to violent explosive events involving interaction 
with groundwater (phreatomagmatism; e.g., van Otterloo et al. 2013). 

Complexity within individual monogenetic volcanoes has been detailed at relatively few sites 
worldwide in this emerging field of volcanology. Sequential eruption of two magma batches occurred 
at Parìcutin, in the Michoacán-Guanajuato Volcanic Field, Mexico (Luhr 2001; Erlund et al. 2010), 
Brush Mountain, Round Barn Cones and two cones on the Popcorn Cave mafic shield, in the southern 
Cascades (Strong & Wolff 2003) and Udo, Jeju Island, South Korea (Brenna et al. 2010, 2011). Also 
on Jeju Island, the Ichilbong tuff cone erupted 2 or 3 magma batches (Sohn et al. 2012). Simultaneous 
eruption of two magma batches occurred at the Mt Gambier maar–cone volcanic complex, Newer 
Volcanics Province (NVP), Australia (van Otterloo et al. 2014) and also at the Red Rock maar–cone 
volcanic complex, NVP (Piganis 2010; Blaikie et al. 2012). Two magma batches erupted at Xitle, 
central Mexico, during late-stage mixing or recharge (Cervantes & Wallace 2003). This conclusion 
was based on melt inclusion analysis.

Compositional variation within eruption sequences has been found on Jeju Island, Korea, 
where the Songaksan and Suwolbong volcanoes each erupted pulses of single, rapidly evolving 
magma batches (Brenna et al. 2011). Complex stratigraphic architectures with multiple vents and 
preserved facies have been documented at Tower Hill in the NVP (Prata 2012), and Crater Hill, 
Auckland (Smith et al. 2008). 

 Polycyclic volcanoes have been documented in the NVP at Lake Purrumbete, one of the largest 
maar volcanoes in the world, where a single batch of magma was erupted in a complex sequence of 
events that involved a <16 year hiatus in the eruption sequence   (Jordan et al. 2013). Other examples 
are Lady Julia Percy Island, also in the NVP, that featured a hiatus of ~1.58 Myr (Edwards 1994; 
Edwards et al. 2004) and Rangitoto in the Auckland Volcanic Field, where two discrete batches of 
magma were erupted, separated by a hiatus of 60 years (Needham et al. 2010).

Many monogenetic volcanic fields are in highly populated areas (for example the Auckland 
Volcanic Field, New Zealand) or contain cities or towns within their limits (such as the Newer 
Volcanics Province, southeast Australia and Mexico City, Mexico). It is important to gain a fuller 
understanding of the nature of volcanism in such areas to assist with hazard and risk analysis (e.g. 
Joyce 2004; Bebbington & Cronin 2011; Auckland Council 2013). Since there have been few studies 
involving detailed and systematic stratigraphic analysis of individual monogenetic volcanoes the 
processes giving rise to changes in eruption styles both within a single volcano and across volcanic 
fields are not well understood (Houghton et al. 1999). Such changes may be influenced by the inherent 
properties of the magma, source melting processes and fractionation of ascending magmas within the 
magma plumbing system as well as the properties of the country rock with regards to aquifers and 
hence magma:water interaction during ascent. 

The Pliocene–Recent NVP of southeast Australia is an excellent candidate for further studies of 
monogenetic volcanism. The NVP is an intraplate monogenetic volcanic field, covering >19 000 km2 
from Melbourne, Victoria to the Mt Burr range in southeast South Australia. Composed of the volcanic 
products of >400 short-lived basaltic volcanoes, the stratigraphic record shows that, while effusive 
and mildly explosive eruptions dominate (e.g., from lava shields and small scoria cones), the NVP has 
also given rise to violently explosive phreatomagmatic eruptions forming the base surge deposits of 
substantial maar volcanoes, and several pyroclastic flow events. With the last eruption occurring at Mt 
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Gambier at ~ 5000 BP (Blackburn 1966; Barbetti & Sheard 1981; Blackburn et al. 1982; Robertson et 
al. 1996; Gouramanis et al. 2010) and an eruption frequency of ~ 1: 11 500 yrs (Cas et al. 1993) the 
NVP is considered an active volcanic province. This is highlighted by geophysical studies indicating 
elevated surface heat flow in several areas as well as the occurrence of mantle-derived CO2 across the 
province and the presence of partial melts in the mantle under the northeastern section of the NVP 
(Wopfner & Thornton 1971; Chivas et al. 1983, 1987; Cartwright et al. 2002; Graeber et al. 2002; 
Aivazpourporgou et al. 2012; Davies & Rawlinson 2014). Despite this, no volcanic contingency 
plans are in place in case of future eruption and very few individual volcanoes have been studied 
in great detail, with research instead focussing on analysis of the province as a whole, especially in 
terms of its geochemistry and geodynamics. Although the numbers of volcanoes are generally well 
constrained, there are discrepancies between different studies, meaning that volcanic distribution 
maps should be updated from that of Joyce (1975). 

It is therefore important to gain a fuller understanding of the nature of volcanism in the NVP in 
order to more realistically assess the hazard and risk in southeast Australia in terms of future eruptive 
events. In addition, further studies will contribute to petrogenetic and geodynamic modelling of the 
NVP and the study of other monogenetic fields, especially the emergent field of complex monogenetic 
volcanoes, a concept that may be the norm rather than an exception as more monogenetic centres are 
studied in detail. The wide range of eruption styles present across the NVP, and the fact that many 
volcanoes are known to feature the products of multiple eruption styles erupted in complex sequences 
of events, indicates that monogenetic volcanoes cannot be defined as ‘simple’ as great complexity 
exists in such volcanoes and each volcano erupting in such a volcanic field should be considered 
unique.

1.1.1 The Mt Rouse magmatic volcanic complex

Mt Rouse, a magmatic volcanic complex situated in the Western Plains subprovince of the 
NVP has been the focus of several previous studies. The volcano is the largest eruption source within 
the NVP, triple the size of any of the numerous other NVP volcanoes, in terms of both area covered 
and volume erupted (Elias 1973), with lava flows extending >60 km to the coast at Port Fairy (Sutalo 
1996). The centre rises 120 m above the surrounding lava plains, and is composed of a main scoria 
cone with two overlapping craters running E–W and breached to the west. The volcano shows great 
complexity in terms of its eruption styles and morphology and, while certainly a complex monogenetic 
volcano, previous research based on a few geochemical analyses of scoria suggest that it may also be 
polymagmatic (Elias 1973), leading to the geochemical study outlined in this thesis. The main scoria 
cone features an extensively weathered spatter rampart (Whitehead 1986), while to the south is a third 
crater containing a low scoria cone (Ollier 1985; Whitehead 1986, 1991; Sutalo 1996; Sutalo & Joyce 
2004). Two small satellite cones have been reported west of the main cone (Elias 1973). The northern 
scoria cone is reported to be the oldest feature of the complex (Joyce & Sutalo 1996), while the 
southern cone is younger, being the source of the small lava shield. The consensus is that the main 60 
km of lava flows were emplaced before the scoria cones built up (Ollier 1985; Sutalo 1996; Joyce & 
Sutalo 1996). Geochemically, the products of Mt Rouse have been described as silica undersaturated 
alkali olivine basalts (Elias 1973; Whitehead 1986, 1991; Sutalo 1996). Few scorias were analysed, 
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but results suggest a complete chemical gradation from the lava field basalts to the basanitic northern 
scoriae (Elias 1973). A single geochemical analysis of a weathered sample from the spatter rampart 
features low values of SiO2 and total alkalis, plots apart from other data and may represent a distinct 
magma type. Whitehead (1986) suggests that the origin of this material was a fractionated source due to 
its high differentiation index and low Mg-value, associating the composition with waning volcanism. 
He also postulated the existence of 2–3 magma batches for the lava flows from the available scattered 
Sr-isotope data. In addition, a small basanite dome is found 5 km to the south of Mt Rouse amongst 
the lava flows. This feature differs petrographically, geochemically and isotopically to the products 
of Mt Rouse, and is thought to be an eruption point along a north–south fissure, older than the lava 
flows (Whitehead 1986, 1991). Sutalo & Joyce (2004) hypothesise that the feature is a separate, older 
volcano, and unrelated to the Mt Rouse complex.

This thesis explores the NVP with new volcanic distribution maps, updating both numbers 
of eruption centres (volcanoes) and individual eruption points (vents) across the province. The 
Hamilton area of the Western Plains sub-province (the location of Mt Rouse) is explored in more 
detail to identify volcanoes and define phases of eruption in the area. Mt Rouse is then examined in 
detail, utilising detailed stratigraphic and geochemical analysis in order to constrain the stratigraphic 
architecture of the volcano.. The petrogenesis of the complex is explored, including modelling of the 
temperature and depth of magma formation, and a new eruption sequence is outlined. Finally, the 
results will be discussed in the context of monogenetic volcanism and the NVP.

1.2 Thesis aims

Below is a summary of the research questions addressed in this thesis, and the processes used 
to answer them:
1. What is the nature of volcanism in the Hamilton area of the NVP in terms of numbers of 
 volcanoes, magma types and eruption ages?

• To identify volcanoes in the area of Mt Rouse in order to place the volcano in a local  
 context, including reconnaissance geochemical analysis to distinguish phases of 

  eruption and compositional changes in the area over time.
• To produce a new map of the volcanoes in the Hamilton area of the NVP (and the 

  NVP as a whole). 
2. Why is there a sequence of alternating eruption styles from effusive (lavas) to explosive 
 (pyroclastic deposits) present at Mt Rouse?
3. What was the petrogenesis of Mt Rouse? Is Mt Rouse a mono- or polygenetic volcano?

• Combined stratigraphic and geochemical analysis of the scoria cones and lava
   fields to outline a more detailed eruption sequence for the volcano and identify and
  geochemical trends that are associated with eruption styles.

• Modelling based upon geochemical data to help constrain the depth of mantle 
  source melting. A better understanding of how basaltic magmas form and evolve has
  important implications for crust forming processes, and will help constrain models
  for the formation of NVP volcanism.
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1.3 Tectonic setting of southeast Australia

Australia is situated within the interior of the Indo–Australian plate, and is considered 
tectonically passive (Figure 1.1) (Twidale & Bourne 1975; Ollier 1978). Southeast Australia is 
bounded by the Antarctic plate (spreading ridge) and the Pacific plate (subduction zone and collisional 
boundary). Although the continent is considered passive, present-day stresses in southeastern Australia 
point to a maximum horizontal compressive stress oriented NW–SE, controlled by plate boundary 
forces (Hillis et al. 2008).

Figure 1.1 Tectonic setting of Australia, showing plate boundaries and present-day forces. Small black arrows show slab 
pull forces, large grey arrows show mid-ocean ridge push force and small grey arrows show resisting continent–continent 
collisional forces (Reynolds et al. 2003; Hillis et al. 2008).

The basement rocks of the NVP are composed of the Mesozoic–Cainozoic sedimentary rocks 
of the Otway Basin to the south, and parts of the Palaeozoic Delamerian and Lachlan fold belts to 
the north, within the Tasman Fold Belt System (VandenBerg et al. 2000; Gray et al. 2003; Lesti et al. 
2008) (Figure 1.2). The Moyston Fault is an important lithospheric structure, as it forms the suture 
between the Delamerian and Lachlan orogens (Korsch et al. 2002; Cayley et al. 2011).

The Delamerian Orogeny occurred in the Late Cambrian (515–495 Ma), causing regional 
metamorphism, folding and faulting of Neoproterozoic–Cambrian rocks. The fold belt extends ~400 
km west of the Moyston Fault into southeast South Australia (the edge of the Gawler Craton; Figure 
1.3). A small portion of Delamerian rocks are exposed in Victoria, as Murray Basin sediments overlie 
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Figure 1.2 Geological map of western Victoria and southeast South Australia, showing main terranes and lithospheric 
structures. Faults taken from Simons & Moore (1999), terranes from Duddy (2003) and Lesti et al. (2008).

the majority. The Glenelg and Grampians–Stavely Zones (Harrington et al. 1974; VandenBerg 1978) 
are separated by the Yarramyljup Fault (Figure 1.3). The Glenelg Zone is composed of the Moralana 
Supergroup of carbonates and sandstone, plus intraplate and MORB basalts. The Grampians–Stavely 
Zone is made up of the Mount Stavely Volcanic Complex, Glenthompson Sandstone and the Dimboola 
Igneous Complex, unconformably overlain by the Grampians Group and Rocklands Volcanics 
(Figure 1.2). The Mount Stavely Volcanic Complex was deposited in a post-collisional continental 
rift setting (VandenBerg et al. 1995; Crawford et al. 1996), while the Dimboola Igneous Complex is 
from an unknown setting, thought to be an arc-forearc (Berry & Crawford 1988; Crawford & Berry 
1992; VandenBerg et al. 2000). The Glenelg Zone was much more strongly deformed during the 
Delamerian Orogeny, characterised by northeast–southwest shortening which produced north/north-
westerly structures. The Grampians–Stavely Zone shares the structural trends of the Glenelg Zone, 
but was less strongly deformed, and features lower metamorphic grades (VandenBerg et al. 2000).

The Lachlan Fold Belt is composed of deformed Cambrian–Devonian volcanic and granitic 
rocks, turbidites and cherts (Cas 1983; Gray & Foster 1997; Foster & Grey 2000). The fold belt is split 
into the Whitelaw and Benambra Terranes, west and east of the Governor Fault. The Whitelaw Terrane 
forms the basement to the NVP, and is further subdivided into the Stawell, Bendigo and Melbourne 
Zones accordingly (Figure 1.3; VandenBerg et al. 2000). The Whitelaw Terrane was affected by 
the Benambran and Tabberabberan Orogenies. The Benambran Orogeny (Late Ordovician–Early 
Silurian, 455–425 Ma) (Browne 1947; Foster et al. 1966a, b; Gray et al. 1997; VandenBerg 1999) was 
the main deformation event in the Bendigo and Stawell Zones, with minor deformation occurring at 
the margins of the Melbourne Zone; there was east–west contraction with 50–70% shortening (Cox et 
al. 1991; Gray & Willman 1991; Cayley & Taylor 2001). This major event caused the western margin 
of the Stawell Zone to be thrust over the Delamerian Fold Belt (Figure 1.3; Graeber et al. 2002; 
Cayley et al. 2011). The Benambran Orogeny was followed by a period of uplift and erosion and 
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Figure 1.3 Eastern Australian fold belts and Victorian structural zones. Green colours indicate Delamerian/Tyennan fold 
belts, blue colours cover the Whitelaw Terrane. Reds and purples indicate the Benambra Terrane with only the zones 
extending into Victoria fully covered (VandenBerg et al. 2000).
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the emplacement of post-tectonic granites (410–400 Ma, VandenBerg 1978; Rossiter 2003), before 
the Tabberabberan Orogeny caused a second period of east–west shortening in the Melbourne Zone 
during the Mid-Devonian (385–380 Ma). There was a short period of weak north–south shortening, 
and the orogeny caused fault reactivation in the Bendigo and Stawell Zones, with minor faulting. The 
Tabberabberan Orogeny was succeeded by a second period of uplift and erosion, and additional post-
tectonic granite intrusions in the Bendigo and Melbourne Zones ~370 Ma (VandenBerg et al. 2000).

During the Early Carboniferous, the Kanimblan Orogeny (350–325 Ma) stabilised the 
southeast Australian crust, and cratonisation was complete (Gray 1997; VandenBerg et al. 2000). The 
southern continental margin of Australia, including Victoria’s Otway, Bass and Gippsland Basins, 
were subsequently formed as a consequence of rifting associated with the breakup of Gondwana 
(Figure 1.2). Rifting, which resulted in the separation of Australia and Antarctica, began in the Late 
Jurassic–Early Cretaceous (Weissel & Hayes 1977; Mutter et al. 1985; Veevers 1986; Stagg et al. 
1990; Drexel et al. 1993; Gaina et al. 2003). Breakup was complete by 90 Ma (Cande & Mutter 1982) 
and seafloor spreading began to form the Tasman Sea.

The coeval Bass and Gippsland Basins represent failed rift basins, and are separated from the 
Otway Basin by the Mornington Peninsula. The Otway Basin represents a passive margin and underlies 
the southern half of the NVP. It is an east–west trending graben west of Melbourne, extending 500 
km to South Australia (Figure 1.3). The Otway Basin is filled by the five major successions that make 
up the Otway Supergroup, as well as the Sherbrook, Wangerrip, Nirranda and Heytesbury Groups. 
Sequence stratigraphy of the Otway Basin recognises several major phases (Jensen–Schmidt et al. 
2002; Krassay et al. 2004), as shown in Figure 1.4 and summarised below:
• Rifting during the Tithonian–Barremian (Late Jurassic–Early Cretaceous) relating to the 
 breakup of Gondwana resulted in the deposition of the Crayfish group of continental and 
 fluvio-lacustrine sediments in a series of E–W trending half-grabens.
• Deposition of the Eumeralla Supersequence of volcaniclastic, fluvio-lacustrine and marine
 sediments occurred during the Aptian–Albian post-rift phase of continental sag when the 
 Otway Basin subsided and widened. This ended deposition of the Otway Supergroup.
• Compression and inversion during the Mid-Cretaceous.
• Marginal sag during the Cenomanian (Upper-Cretaceous) to Eocene. New oceanic crust 
 was formed and the Sherbrook group of deltaic and marine sediments were deposited in a
 continental shelf-type setting.
• The sub-basins of the Otway Basin were formed in the Late Maastrichtian–Mid Eocene, 
 including the Gambier, Tyrrendarra and Port Campbell Embayments during several 
 periods of uplift and erosion. The Wangerrip group mudstones including
 deposition of the Dilwyn Formation were deposited during this time.
• Mid Eocene–Early Oligocene clastic and carbonate deposition of the Nirranda group;   
 inversion and thermal subsidence; Late Miocene uplift and erosion.
• Basin inversion due to NW–SE compression from the Miocene to the present resulted in
 deposition and uplift of the Bridgewater Formation sands and muds.
• Heytesbury group deposition during the Plio-Pleistocene, including the Gellibrand Marl and
 Port Campbell Limestone.
• Pliocene–recent volcanism, as described in section 1.6.
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Figure 1.4 Stratigraphic and basin event chart of the Otway Basin (Geoscience Australia).



10

Chapter 1
The subsurface structures beneath southeast Australia in the region of the Otway Basin 

comprise a series of major N–S inverse faults and minor E–W and NW–SE trending normal faults 
and (Figure 1.5; e.g., Simons & Moore 1999). 

The major N–S faults in central and western Victoria are (E–W) the Hummocks, Yarramyljup, 
Escondida, Moyston, Avoca, Muckleford and Mt William Faults (Figures 1.2, 1.3). The structural 
zones associated with these faults are the Glenelg Zone (South Australia border to Yarramyljup Fault), 
Grampians–Stavely Zone (Yarramlyjup to Moyston Faults), Stawell Zone (Moyston to Avoca Faults) 
and Bendigo Zone (Avoca to Mt William Faults) (see above). Throws of the major faults are in the 
order of 1–2 km (Gray et al. 2003)

The Glenelg Zone runs between South Australia and the Yarramlyjup Fault, after which the 
Grampians–Stavely Zone runs to the Moyston Fault. Together they represent a poorly understood 
series of northwest-trending fault-bounded strips (VandenBerg et al. 2000). The Hummocks Fault 
(Glenelg Zone) and Yarramlyjup Fault both dip to the west (Morand et al. 2003; R. Cayley pers. 
comm. 2014). The Yarramyljup Fault dips to the west just east of Mt Rouse (R. Cayley pers. comm. 
2014) and was previously interpreted as 20 km west of Mt Rouse (e.g., Figure 1.2; Gray et al. 2003; 
Cayley et al. 2011). 

The Escondida Fault in the Grampians–Stavely Zone dips to the east (Gray et al. 2003) and 
joins the Moyston Fault in the Shadwell area, which is an easterly-dipping deep-crustal structure, 
extending to the Moho (Cayley et al. 2011) and forms the suture between the Delamerian and Lachlan 
fold belts (Cayley & Taylor 2001; Korsch et al. 2002).

The Bendigo and Stawell zones that represent the Delamerian Orogen are part of a thick-
skinned, easterly-vergent, crustal-scale fault system bound by the Moyston Fault to the west and the 
Mt William Fault to the east (Figures 1.2, 1.3). Low-angle faulting predominates at mid–lower crustal 
levels in the Cambrian mafic rocks and intercalated metasediments, and tight folding at upper crustal 
levels in metasediments (Cayley et al. 2011). The Avoca, Muckleford and Mt William Faults are all 
westerly-dipping, with the Avoca and Muckleford Faults being reverse in nature (Gray et al. 1988; 
Joyce 2007; Cayley et al. 2011). The Avoca Fault terminates mid-crust against the Moyston Fault 
(Cayley et al. 2011). 

The minor E–W and NW–SE trending faults in Victoria show <50 m of displacement and are 
generally reverse in nature. They are accommodation structures associated with the axial traces of the 
regional folds (Gray et al. 2000).

Some of these faults may have acted as preferred pathways for magma ascent during the 
eruption of the recent episodes of volcanism in southeast Australia (see Chapters 2 and 3). Examples 
include the volcanoes of the Mt Burr Range, South Australia (Sheard 1990), the Lake Purrumbete 
maar volcano near Camperdown (Jordan et al. 2013) and the Mt Gambier maar–cone complex (van 
Otterloo et al. 2014). The Avoca Fault may have influenced the eruption of the volcanoes in the 
Lexton–Ballarat area (Mt Mitchell to Weatherboard Hill; Boyce 2013), where W/NW and N/NE 
jointing is thought to control the distribution of volcanic centres (Joyce 2007). The Mt William Fault 
may have influenced the eruption of volcanoes in the Goldie region, as several volcanoes lie close 
by (Boyce 2013). The Moyston Fault coincides with several maar volcanoes in the Noorat–Terang–
Ecklin area (Boyce 2013). For further examples see Boyce 2013/Chapter 2.
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Figure 1.5 Pre-Permian geology of Victoria showing main structures as solid lines (VandenBerg et al. 2000).
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The youngest expressions of volcanism 
are found in northern and southern Queensland, 
and southeast Australia to South Australia. In 
northern Queensland, the Atherton Province 
covers 2500 km2, comprising 65 basaltic 
volcanoes (De Keyser & Lucas 1968; Stephenson 
1989; Whitehead et al. 2007) dated to 7.06 Ma 
to <10 ka (Kershaw 1971, 1975; Atkinson 1986; 
Head et al. 1994; Whitehead et al. 2007). The 
McBride Province southwest of Atherton covers 
5500 km2 and contains 164 volcanoes (Griffin 
1977; Stephenson 1989; Whitehead 2010) that 
have ages ranging from 8 My to 50, 000 BP 
(Griffin & McDougall 1975; Stephenson 1989; 
Gibson 2007). The Chudleigh, Sturgeon and 
Nulla Provinces (containing a total of ~144 
volcanoes) form an almost continuous area of 
basaltic volcanism. The Chudleigh Province, 
which covers 2000 km2, has ages ranging from 7 
Ma to 0.25 Ma (Stephenson 1989); the Sturgeon 
Province covers 75 km2 and has been dated to 
5.5–0.92 Ma (Stephenson 1989; Stephenson & 
Griffin 1976); and the Nulla Province covers 7500 
km2, dated at 5.2 Ma to 13, 000 BP (Stephenson 
et al. 1978). Small-volume basaltic volcanic 
provinces in the Bundaberg area of southern 
Queensland, include the 1.1–0.9 Ma Hummock 
Basalt (Wellman 1978; Robertson et al. 1989), 
the late-Pleistocene Berrembea Basalt (Robertson 
1985) and the 0.6 Ma Barambah Basalt (Wellman 
1978). Finally, the Newer Volcanics Province of 
southeastern Australia contains >437 volcanoes 

Macedon-
Trentham

NVP

Springsure

Tweed

Main Range

Older 
Volcanics

Snowy Mountain

Central Province

Cosgrove

NSW ol-leucitite
 suite

QUEENSLAND

NSW

SA

VIC

TAS

Maer Islands

McBride

Atherton

Chudleigh

Sturgeon
Nulla

Bundaberg

Central volcanoes
Lava fields
Leucitite suite

500 km

CORAL SEA

TASMAN SEA

SOUTHERN
OCEAN
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1.4 Eastern Australian intraplate volcanism

Intraplate volcanism is that which has occurred away from the edges of tectonic plates. Eastern 
Australia has experienced intraplate basaltic volcanic activity since Jurassic times, with volcanic 
provinces stretching 4400 km down the eastern seaboard of Australia from the Maer Islands situated 
in the Torres Strait to the north, and down the Great Dividing Range to Tasmania and Victoria (Figure 
1.6; Johnson & Wellman 1989). 
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and extends from Melbourne, Victoria to southeast South Australia and has been dated from 8 Ma to 
5000 BP (Blackburn 1966; McDougall et al. 1966; Barbetti & Sheard 1981; Blackburn et al. 1982; 
Cayley et al. 1995; Robertson et al. 1996; Edwards et al. 2004;  Gouramanis et al. 2010; Boyce 2013).

Wellman & McDougall (1974) recognised three types of volcanic occurrences in eastern 
Australia—central volcano provinces, lava fields and leucitite suites (Figure 1.6). These volcano 
types are based on petrology; volcanological distinction is less clear, as many volcanoes of the 
central volcanoes type are not classic shield volcanoes, but rather plugs and residual lavas (Johnson 
& Wellman 1989). A description of the three types follows:

1. Central volcano provinces. Large volcanoes (30–100 km across) of predominantly basaltic
 eruptions from central vents. Felsic flows and both mafic and felsic intrusions are also 
 found.  Smaller provinces with felsic (rhyolite, trachyte, phonolite) flows, for example
 the Macedon–Trentham province of Victoria are also included in this classification (Wellman 

& McDougall 1974; Johnson & Wellman 1989). Examples of central volcanoes 
include the Springsure volcano (Veevers et al. 1964), the Tweed volcano (Wilkinson 
1969), Nandewar volcano (Abbott 1969) and Main Range (Johnson & Wellman 1989).

2. Lava fields. Basaltic volcanism resulting in extensive lava fields of thin extensive flows 
(e.g., the NVP or north Queensland), or lava piles up to 1000 m thick. Lava fields may contain 
numerous small scoria cones, lava shields and maars. Other examples include the Snowy 
Mountain lavas (Mackenzie & White 1970), the Older Volcanics, Victoria (Edwards 1939) 
and the Central Province of New South Wales (Vallance et al. 1969).

3. Leucitite suite volcanoes. Minor intrusions and rare lavas which are mafic and highly potassic, 
petrologically and geochemically distinct from lava fields and central volcanoes. Examples 
include central New South Wales olivine leucitite  (Joplin 1963) and Cosgrove, Victoria 
(Knutson 1989).

Estimates of volume are limited due to the extent of denudation and the difficulties of thickness 
estimation of the lavas; the total volume of eastern Australian volcanics is 20 000 km3 (Wellman & 
McDougall 1974), subdivided into 9000 km3 of central volcano products and 11 000 km3 of lava 
fields, with negligible volumes of leucitite volcanics (Johnson & Wellman 1989). 

1.4.1 Cainozoic volcanism in southeast Australia

Volcanism of Late Cretaceous to Quaternary age in southeastern Australia can be divided into 
three groups (Figure 1.7): the 95–19 Ma Older Volcanics (Day 1983; Price et al. 2014), the 7.0–4.6 
Ma Macedon-Trentham group (Wellman 1974; Dasch & Millar 1997; Ewart et al. 1985) and the 4.5 
Ma to ca 5000 BP Newer Volcanics Province (Blackburn 1966; McDougall et al. 1966; Blackburn et 
al. 1982; Gray & McDougall 2009; Gouramanis et al. 2010).

The Older Volcanics outcrop in the eastern half of Victoria as relatively small, eroded lava fields 
10–130 km across and some small dykes and plugs; compositions range from nephelenite to tholeiite. 
The Older Volcanics have been subdivided into fifteen provinces based on age and composition, and 
then four groups by age and distribution (Singleton & Joyce 1969; Day 1983, 1989; Knutson 1989; 
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Cas et al. 1993).  Many of the products are subsurface, and erosion has been extensive; however, 
minimum volumes are estimated at 1500 km3 (Wellman 1971). Price et al. (2003) and VandenBerg 
(2007) discard the term Older Volcanics and instead refer to the eruption products as the Eastern 
Province, South Coast Province and Latrobe Province, however the terms Older and Newer Volcanics 
are still in use, as is the case in this study.

The Macedon–Trentham group outcrop northwest of Melbourne within the districts of 
Woodend, Trentham and Mt Macedon-Lancefield, and were previously referred to as the Woodend 
province (Ewart et al. 1985). The group contains the only Cainozoic rocks of felsic composition 
in Victoria (Edwards 1938; Edwards & Crawford 1940). The volcanics consist of lava domes, 
small flows, plugs and spines. More than 33 individual eruption centres have been identified (e.g., 
Singleton & Joyce 1970; Boyce 2013), such as Blue Mountain, Camels Hump and Hanging Rock. 
The Macedon–Trentham group forms a central volcano province under the classification of Wellman 
& McDougall (1974). The oldest age of NVP volcanoes in this area is 4.06 ± 0.01 Ma at Mt Gisborne 
(D. Phillips, pers. comm. 2012). The group is further distinguished from the NVP by their slightly 
higher strontium-isotopic ratios of 87Sr/86Sr 0.7042–0.7127 (Dasch & Miller 1977; Ewart et al. 1985), 
compared to the NVP 87Sr/86Sr 0.7034–0.7058 (Price et al. 1997). A wide range of rock types is 
represented, including basanites, basalts, hawaiites, mugearites, benmoreites and trachytes (e.g., 
O’Hanlon 1975; Ewart et al. 1985; Knutson & Nicholls 1989). 

The NVP is the most recent phase of volcanic activity in Australia, extending 410 km from 
Melbourne in Victoria to the Mt Burr range in southeastern South Australia. The distribution and 
classification of eruptions is discussed in more detail in section 1.6, and geochemistry in section 1.6.3.
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1.5  Origin of eastern Australian volcanism

A single model cannot explain intraplate volcanism in eastern Australia, as it is difficult to 
correlate timing of volcanism with changes in plate tectonics. 

Central volcano provinces and leucitite suite volcanoes show a systematic younging to the 
south down the eastern seaboard of Australia (Figure 1.8; Wellman & McDougall 1974; Sutherland 
1985, 2003; Sutherland et al. 2012).  Although there is a clear southward progression in the volcanism 
of the central volcanoes and leucitite suite eruptives, there is much scatter evident for basalts of lava 
field origins (Figure 1.8; Sutherland 2003).

Figure 1.8 Age vs latitude of eastern Australian intraplate activity. Central volcanoes are orange filled circles, basaltic lava 
fields black filled squares, leucitite lava fields black filled triangles and zircon-bearing eruptives black crosses. The East 
Australian Plume System volcanic migratory trend (red line) comes from Duncan & McDougall (1989) and the zircon-
bearing eruptive trends (red dashed lines) from Sutherland (1993). Data are plotted from Johnson (1989), Ashley et al. 
(1995), Exon et al. (1997), Everard et al. (1997), Cooper (1999) and other sources given in Sutherland (1991, 1993, 1999, 
2003), Sutherland & Fanning (2001), Sutherland et al. (2002) and F. L. Sutherland and others unpublished data. From 
Sutherland (2003).

This southward younging was attributed to the passing of the Australian continent over a 
number of hot spots, termed the East Australian Plume System (Figure 1.9; Wellman & McDougall 
1974; Wellman 1983; Duncan & McDougall 1989; Sutherland 1991; Matsumoto et al. 1997; 
Sutherland 2003). At least three hotspot tracks were invoked. One of these is through continental 
Australia (whose present-day position is suggested to be beneath Bass Strait (Wellman & McDougall 
1974; Sutherland 2003; Kennett & Abdullah 2011; Sutherland et al. 2012).  A second was through 
the Tasmantid Guyots and the third through the Lord Howe seamounts (Figure 1.9) (Vogt & Connoly 
1971; Shaw 1978; Duncan & Clague 1985; McDougall & Duncan 1988; Duncan & McDougall 1989). 
The rate of migration of the volcanism has been calculated to be 6.6 mm/yr (Wellman & McDougall 
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1974), which correlates well with the average rate of separation of Australia and Antarctica, which has 
been estimated at 50–74 mm/yr (Le Pichon & Heirtzler 1968; McKenzie & Sclater 1971; Wellman & 
McDougall 1974; Weissel & Hayes 1977). The present position of the hotspot in Bass Strait (Figure 
1.9) correlates with a high heat flow anomaly beneath the region and slow seismic velocities (O’Neill 
et al. 2003; Montelli et al. 2006). 

There have been many variations in the hotspot models of volcanism for eastern Australia. For 
example, Sutherland (1991) delineated seven hotspots, Pilger (1982) postulated a migrating hotspot 
line that also included lava fields and Wellman (1983) proposed a single magma source triggering 
all central volcanoes and leucitite suite volcanoes over an area of 800 km by 1900 km (Figure 1.9). 
Hotspot paths have been debated by Sutherland (1994) and Gaina et al. (1999) while experimental 
plume models have been outlined by Tychkov et al. (1998). Recent research suggests that although 
the Tasmantid Guyots and Lord Howe Seamount chains show well-defined hotspot traces, the central 
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volcanoes and leucitite suites of continental Australia instead show several younging trends (shown 
as black lines on Figure 1.9; Sutherland et al. 2012, 2014), making it difficult to relate definitive 
hotspot tracks to the volcanism (Figure 1.9). 

Finn et al. (2005) suggested that all Cainozoic alkaline igneous rocks outcropping across 
the fragments of east Gondwana and adjacent oceanic lithosphere are parts of the “diffuse alkaline 
magmatic province (DAMP)”. The lateral and vertical flow of warm Pacific mantle generates magma 
and induces long-lived low-volume magmatism. The flow is triggered by instabilities induced by 
detached and sunken subducted slabs along the old Gondwana margins in the late Cretaceous. 

Hotspot traces were used to explain the origin of the lava fields of the NVP (e.g., Wellman & 
McDougall 1974; Wellman 1983; Duncan & McDougall 1989; Sutherland 1991; Matsumoto et al. 
1997). ‘Boomerang’ volcanism has been used to explain the western location of the NVP, whereby 
hotspot-related activity follows a stepping motion and diverges to the west in order to create large-
volume volcanic fields and then back to the east to create small-volume fields. However, a hotspot 
must be ruled out as the NVP lies to the west of a projected line of volcanism (Price et al. 1997) 
and has an east–west orientation (Cas et al. 1993) that differs from the orientation of the theorised 
continental hotspot trace (Figure 1.6). Dating of volcanic rocks in the NVP has failed to find any 
age progressions (Gray & McDougall 2009; see section 1.6.2). In addition, despite Australia having 
drifted >300 km north over the past ca 5 Myr (the main timespan of eruption for the NVP), the 
province extends only ~100 km N–S.

Continental extension is another process used to explain NVP volcanism (Lister & Etheridge 
1989; O’Reilly & Zhang 1995; Price et al. 1997). This is related to the breakup of Gondwana and the 
opening of the Tasman sea, whereby extension-induced lithospheric thinning and uplift at the base of 
the lithosphere is thought to have led to the release of mantle diapirs by thermal instabilities at depths 
of 200–400 km. These diapirs would take 20–100 Myr to reach the mantle solidus, explaining the 
presence of volcanism so long after rifting. In addition, extensional faults reactivated by the Tasman 
Fracture Zone have been argued to influence the activity of the NVP, whereby shear stresses are 
transferred from the oceanic crust to the continent, deforming along zones of weakness and providing 
pathways for magma ascent (Lesti et al. 2008). However, studies show that southeast Australia has 
been in a NW–SE compressive stress regime since the Pliocene, which places doubt on this theory 
(Hillis et al. 1995; Sandiford 2003; Sandiford et al. 2004). 

Edge-driven convection is the most recent theory to explain intraplate volcanism, especially 
in lava fields such as the NVP (King & Anderson 1988; Demidjuk et al. 2007; Farrington et al. 
2010; Davies & Rawlinson 2014).  Steps in lithospheric thickness beneath the Australian continent 
(Fishwick et al. 2008; Fishwick & Rawlinson 2012) set up thermal contrasts due to differential 
motion between the fast-moving Australian lithosphere and the underlying asthenosphere. This acts 
to produce convection cells in the upper mantle at the steps in lithospheric thickness which travel 
with the overlying lithosphere and create upwelling of fertile mantle material downstream of the step 
(King & Anderson 1988; Demidjuk et al. 2007 Farrington et al. 2010). These upwellings are thought 
to be limited to the shallow asthenosphere (Davies & Rawlinson 2014). The upwelling asthenosphere 
would produce a convection cell 150% of the step-size in lithospheric thickness (Figure 1.10), which 
means that low seismic velocities would be absent at >200 km depth. It is noteworthy that while low 
seismic velocities associated with elevated temperatures are present at depth beneath the NVP, they 
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disappear by 200 km depth (King & Anderson 1998; Rawlinson & Fishwick 2012). Recent research 
indicates that although the main lithospheric step in the region of the NVP is to the north, directly 
beneath the NVP there is a significant localisation and amplification of mantle upwelling (Rawlinson 
& Davies 2014). Edge-driven convection may also account for the presence of other young lava field 
provinces in eastern Australia, which also lie near steps in lithospheric thickness (Figure 1.11).

1.6 The Newer Volcanics Province of southeastern Australia

Classification of the products of the NVP in terms of the numbers and nature of eruption 
centres in the province are explored in Chapter 2, which was published in the Australian Journal of 
Earth Sciences in 2013. A summary is provided here in order to place the geochemical data of section 
1.6.3 into context. Chapter 2 presents a new classification scheme and new distribution maps of the 
eruption centres of the NVP alongside a catalogue of these eruption points and centres. This section 
(1.6) will provide a 2015 update of the material, including updated volcano statistics and volcano 
distribution maps. It is therefore recommended that the reader familiarise themselves with the content 
of Chapter 2 before reading further.

The NVP covers an area of more than 19 000 km2 in southeast Australia, from Melbourne 
Victoria to the Mt Burr Range in South Australia and its products range in age from 8 Ma to 5000 BP 
(Blackburn 1966; McDougall et al. 1966; Cayley et al. 1995; Price et al. 2003; Gray & McDougall 
2009; Gouramanis et al. 2010). The NVP is subdivided into three subprovinces—the Central Highlands 
(a.k.a. Central Uplands), Western Plains and Mt Gambier subprovinces (Joyce 1975; Nicholls & Joyce 
1989; Price et al. 2003). The province contains >400 volcanoes ranging from simple lava shields, 
scoria cones and maar volcanoes to magmatic, maar and maar–cone volcanic complexes (Figure 

0 100 km

! ######
!($+$+$+ $+$+
$1

$1
$1!.

XW

XW
XW

XWXW

XW
XWXW

XW

XW

XW

XW

XW

XW !(!(!( !(

!(

!(!(
!(

!(
!(

#

#

##

#

#

#
#

##

##

#

#
##

#

#

#

#

#
#

#

#
#

#

##
$1

$1

$1

$1$1
$1

$1

$1
$1
$1

$1
$1

$1

$1$1
$1

$1
!.!.!.
!.

#0#0

#0

#0

#0

#0

#0
#0
#0

#0XW

XW

XWXWXWXWXW
XW
XW
XW

XW

XW
XW

XW

XWXW
XW

!

!

!

!

!

! !!
!

!
!

!
!

!
!

!
! !

!

!

!

!

!

! !!!

!

!
!

!

!

! !!

!
!

!

!!!
!

!

!

!!

!

!

!

!!
!

!

!

!
!

!
!

! !

!

! !!
!

!

!!

!
!!

!!!
!
!

!!!!
!

! !!
!

!

!
!

!!

!! !

!!

!!
!!

!

#

##
##

# #
#

##

#
# #
##

#
#

#

#

#

#
#
##

#
# #
#

##
#

#
#

#

#
#

# ##
#
##

#

#

#

# #

#

#

#

###

#

## ##
##
###

###
#
#

## #

#
####

#
###

#

#
# #

#
####

!(!(
!($1

$1

#0

#0

#0
#0 #0 #0

#0
#0

#0
#0
#0#0

140
° E

34°
 S

200
 km

th

50 
km

th

200 kmth

100 kmth

50 kmth

39° S

145° E

A B

upwelling of
fertile asthenosphere

!##
#
###
!(
$+
$+$+$+
$+

$1

$1

$1

!.

XW
XW
XW

XWXW

XWXWXW XW

XW

XW

XW

XW
XW

!(
!(!(!(

!(
!(

!(
!(

!(!(

#
#

##

#

#

#
#

##
##

#

#

##

#
#

#
#

#

#

#

#

# #

#
#

$1$1

$1

$1$1 $1

$1

$1$1
$1$1 $1 $1$1

$1
$1 $1 !.!.!.!.#0#0

#0
#0

#0

#0
#0#0

#0
#0

XW

XW

XWXW
XWXWXWXWXWXW XW

XW

XWXW
XWXWXW

!

!

!

!

!!

!
!

!

!
!

!!

!

!

!

!
!

!

!!

!
!

!

!!!
!

!

!
!

!

!

!!

!

!

!

!

!
!

!

!

! !
!!

!

!

!

!!

!
!

!

!

!
!

!!!

!

!
!

! !
!!

!!!

!!!
!!

!
!!
!

!

!

!
!

!

!

!! !!!
!

!

!!
!
!!!

!
#

#

#
#

# #

#
# ### #

#
## ##

#

#

## ##
#

#
#

#

#
#

# #
#

#

#

## #

#

#

##
#

#
#

#

#

#

#

#

#
#
##

#
#
#

##
#

#

##

#
#
#
# ## #

#

#
##### #

##

#
#

#
#
#

###
##

!(

!(!($1
$1

#0

#0

#0#0
#0
#0

#0

#0

#0#0

#0
#0

145° E

145° E

140° E

140° E

34° S

39° S
0 100 km

A

B

200 kmth

50 kmth

100 kmth

34° Sa b

Figure 1.10 a) Southeast Australia, showing NVP outcrop and volcanoes (Boyce 2013) in relation to approximate steps in 
lithospheric thickness (th) (Fishwick et al. 2008); b) Scaled N-S cross section of southeast Australia, showing edge-driven 
convection, whereby the fast northward motion of the Australian plate relative to the underlying asthenosphere, coupled 
with steps in lithospheric thickness southwards act to set up convection cells 150% larger than the step size, which permit 
the upwelling of fertile asthenosphere which is subsequently expressed as volcanism on the surface of the thin lithosphere. 
Convection cell from Demidjuk et al. (2007).



19

Chapter 1
1.12; Joyce 1975; Boyce 2013/Chapter 2). The NVP contains the youngest expression of volcanism 
in Australia and is currently considered active. Evidence for this activity includes the occurrence of 
mantle-derived CO2 in several areas of the province (Wopfner & Thornton 1971; Chivas et al. 1983, 
1987; Cartwright et al. 2002) and elevated temperatures, low seismic velocities and hence possible 
partial melt beneath a large area of the Central Highlands subprovince (Rawlinson & Fishwick 2012; 
Aivazpourporgou 2013; Davies & Rawlinson 2014: Aivazpourporgou et al. 2014).

NVP
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Lava fields
Leucitite suite

500 km

TASMAN SEA

SOUTHERN
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Figure 1.11 Map of eastern Australia showing the 
distribution of volcano types (modified after Wellman & 
McDougall 1974 and Johnson & Wellman 1989) overlain 
by steps in lithospheric thickness beneath eastern Australia 
(dashed lines), with estimated lithospheric thicknesses 
(Fishwick et al. 2008).
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1.6.1 Volcano statistics of the Newer Volcanics Province

Statistics for numbers of volcanoes in the NVP have remained essentially the same since 
the volcano distribution map of Joyce (1975), which recognised >400 individual eruption centres. 
Despite this, data on volcanoes has been collated in several studies especially the unpublished 
Singleton & Joyce (1970) catalogue of post-Miocene volcanoes of Victoria, which was incorporated 
into a report on the eruption centres of the NVP by Rosengren (1994). There is also a list of volcanic 
vents in Victoria on the Seamless Geology DVD of Geoscience Victoria (D. Higgins, pers. comm. 
2011). Because differing numbers of volcanoes were reported in each study, and following the recent 
discovery of unrecorded volcanoes in the NVP (Boyce et al. 2014/Chapter 3), the need has again arisen 
to create a readily accessible catalogue of eruption locations for the NVP. The material presented in 
Chapter 2 collated the available information from the studies listed above with additional information 
supplied by researchers at Monash University, and from various published (Ollier & Joyce 1964; Gill 
& Elmore 1974; Sheard 1990; Graham et al. 2003) and unpublished (Csaky 2002; Shaw–Stuart 2002; 
Cas et al. 2011; Prata 2012; Uehara 2012; Jordan 2013) articles and theses. Numerous unpublished 
Honours, Masters and PhD theses at Monash, Melbourne and LaTrobe universities may yet provide 
evidence for further volcanic vents and centres, but it was beyond the scope of this study to include 
them. Data were compiled using Google Earth and the 2010 Seamless Geology 1:250,000 k Google 
Earth Overlay (Geoscience Victoria) before a new volcano distribution map was created using ArcGIS 
(Boyce 2013/Chapter 2). A total of 416 volcanoes were documented, that had erupted from >704 
vents (eruption points). The volcanoes of the Hamilton area were studied in greater detail through 
the analysis of ArcGIS Total Magnetics Intensity data, RGB ternary radiometrics, seamless geology 
and NASA ASTER digital elevation models. This allowed several of the older volcanoes to be placed 
into question and three previously unidentified volcanoes to be described (Boyce et al. 2014/Chapter 
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3). This information had already been incorporated into the Boyce (2013) study. After publication, 
the more rigorous process of using geophysical data and digital elevation models was applied to the 
remainder of the NVP and additional eruption centres were discovered, the nature of which will be 
outlined below. 

The NVP catalogue outlined in this thesis represents a significant update of the locations of 
volcanism within southeastern Australia, and its uses are diverse. They include the drafting of new 
volcano distribution maps, which may be updated as new information becomes available. These can 
be used to examine changes with latitude and longitude in the NVP in terms of ages, numbers of 
vents, eruption types, major and trace element geochemistry and isotope geochemistry. The catalogue, 
which is now freely available online through the personal page of the author on Academia.edu and 
ResearchGate.net (and will be published as supplementary material in the Australian Journal of Earth 
Sciences in a future publication) has already been used in studies of volcanism in the province, 
and in studies of soil, water and geothermal activity. Accurate volcano distribution maps can be 
used in spatial statistical studies, such as the point pattern analysis performed on the Mt Gambier 
subprovince in order to recognise patterns of volcano distribution (Bishop 2007). In addition, the 
database is currently being used by researchers, including myself, at Monash University and the 
University of Melbourne to help draft a hazard and risk analysis for southeast Australia with possible 
future eruptions in mind.

It is important to note that volcanoes identified in the study of Lesti et al. 2008 were not used 
in the construction of the catalogue. Lesti et al. (2008) analysed the spatial distribution of vents in 
the NVP based on the identification of volcanic centres from Landsat images, to produce a density 
map and used this information to discuss the tectonic controls on volcanism. Volcanoes identified by 
these authors were not used in the present study for several reasons. Their analysis was based on the 
identification of circular features producing negative or positive relief, and excluded circular features 
characterised by shapes <100 m in diameter. However, there are many small edifices in the NVP, such 
as Picaninny and Sheepwash Hills in the Hamilton areas, with edifices less than 100 m in diameter. 
Lesti and co-authors identified a large number of vents between Portland and Mt Gambier, and also 
a group to the west of the Grampians. During the studies outlined in this thesis, both of these areas 
were examined in detail using the methods outlined above. In general, volcanoes of the NVP have 
a distinctive morphology with respect to the surrounding terrain, although considerable variability 
exists in terms of degree of symmetry and relief. No eruption centres were identified, and no NVP 
basalts have been reported in either area. The area to the west of Portland is mainly composed of Early 
Pleistocene Padthaway Formation lacustrine sediments, underlain by the Bridgewater Formation 
dune sands and calcrete—it is therefore possible that products of earlier volcanism may be buried, but 
there are certainly no visible volcanic rocks. As volcanoes of the Mt Burr Range in the Mt Gambier 
subprovince are partially overlain by Bridgewater Formation sands, any very low shield volcanoes 
in the area older than ~2.59 Ma could also have been buried. However, no NVP basalts have been 
reported from drill hole data, and there is a marked absence of eruption centres younger than this age. 
To the west of the Grampians, country rocks are composed mainly of sandstones of the Miocene–
Pliocene age Loxton Sands, with no visible NVP eruption centres. In addition, the vent density map 
of Lesti et al. (2008) could not be accurately overlain onto that of the present study in ArcGIS, and no 
coordinates were given, so that detailed comparisons could not be performed.
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An updated volcano distribution map is shown in Figure 1.11 and an updated catalogue is 

included on the enclosed CD. The NVP catalogue records >437 volcanic centres formed from >729 
vents. These are minimum estimates owing to the methodology of the survey. The statistics are revised 
from those of Boyce (2013) (>416 volcanic centres from >709 vents) due to on-going studies in the 
province. For example, Lady Julia Percy Island was omitted from the original study, but restored here 
(see below), and an additional vent was added for The Sugarloaf (Springfield). From the analysis of 
digital elevation models, magnetics and radiometrics data, three previously deleted eruption centres 
were also restored to the spreadsheet. These are GeoVIC 194, 529 and 534 (a centre not related to 
an known eruption type and two lava shields). In addition, 12 lava shields, 1 maar and 5 centres of 
unknown character were added to the archive. 

Updated statistics of eruption centres based on subprovince and volcano type are shown in 
Table 1.1, and vents are compared by subprovince in Table 1.2. The current data indicate that the 
NVP is composed of 50 complex and 387 simple volcanoes, yet almost half of the vents in the 
province are associated with complex centres. Ash cones/domes are found exclusively in the Mt 
Gambier subprovince. Although scoria-producing eruption centres are predominantly found in the 
Central Highlands, lava and scoria vent numbers are approximately equal in the Central Highlands 
and Western Plains subprovinces. The Western Plains features the greatest number of maars, due to 
their association with the aquifers of the underlying Otway Basin sediments. The distinction between 
simple and complex volcanoes is likely to change as more volcanoes are studied in greater detail, as 
monogenetic volcanoes have been shown to display great complexity with regards to the style and 
products of their eruptions (e.g., Brenna et al. 2010; van Otterloo et al. 2014; Boyce et al. 2015) 
and these distinctions may no longer hold true. Nervertheless, the number of eruption centres would 

Table 1.1 Volcanic centres of the Newer Volcanics Province, Victoria, Australia; classified by subprovince and type of 
volcanic centre, with totals indicated in italics. Modified after Boyce (2013). 

Simple volcanoes Complex volcanoes Total

Scoria cones
Lava 

shields Maars
Ash cones/

domes Unknown Magmatic Maar Maar-cone

Central 
Highlands 89 103 3 0 17 12 0 2 226
Western 
Plains 28 105 11 0 18 11 4 17 194

Mt Gambier 6 1 1 5 0 0 1 3 17
Total 123 209 15 5 35 23 5 22 437

Table 1.2 Vents of the Newer Volcanics Province, Victoria, Australia; classified by subprovince and type of eruption, with 
totals indicated in italics. Modified after Boyce (2013).

Mainly scoria Mainly lava Maar
Ash cones/

domes Unknown
Spatter 

cone Total
Central 

Highlands 130 142 6 0 21 0 299
Western 
Plains 140 136 70 0 22 16 384

Mt Gambier 13 1 16 5 0 9 44
Total 283 279 92 5 43 25 727



23

Chapter 1
remain the same. Unknown volcanoes relate to eruption centres that need to be ground truthed as 
there is no literature describing them and they could equally be scoria cones or lava shields from their 
morphology (Boyce 2013).

 
1.6.2 Age range of the Newer Volcanics Province

Although the NVP has a widely accepted nominal age range of 4.5 Ma to ca 5000 BP (Blackburn 
1966; McDougall et al. 1966; Blackburn et al. 1982; Price et al. 2003; Gray & McDougall 2009; 
Gouramanis et al. 2010), this time span is generally not well constrained. Many eruption centres 
remain undated due to sampling bias towards younger, fresher material, and there are older buried 
flows and presumably therefore eruption centres. Dating of buried flows at Beaufort, northwestern 
Victoria, has yielded ages of 6.07 ± 0.11 Ma and 4.65 ± 0.07 Ma (Cayley et al. 1995), and the two 
eruption phases of Lady Julia Percy Island have been dated at 7.80 ± 0.08 Ma and 6.22 ± 0.06 Ma 
(Edwards et al. 2004). This implies that the onset of NVP volcanism was earlier than 7.8 Ma, thus 
almost doubling the timespan of volcanic activity. It also suggests that the NVP was active at the 
same time as the 7.0–4.6 Ma Macedon–Trentham group of basaltic to trachytic centres northwest of 
Melbourne, which is compositionally distinct from the dominantly basaltic NVP, and more closely 
resembles the central volcanic complexes of New South Wales and Queensland (Knutson & Nicholls 
1989).

A distribution map of ages for the NVP (Figure 1.13) was drafted by adding published ages 
of NVP samples to the volcano catalogue. Because lavas can flow many kilometres, to recognise age 
progressions or clusters within the province requires the sampled basalts to be traced back to their 
point of origin (volcanic centre). However, many dated NVP samples could not be unambiguously 
traced back to an eruption centre as erosion has been severe in many areas, obscuring the relationships 
between lava flows. For this reason, in the distribution map eruption centre ages were plotted as 
circles and point samples of unclear origin as squares. The youngest phase of volcanism (<1 Ma) was 
subdivided into 0.5 Ma segments and from 1–4 Ma intervals of 1 Ma were used. Data were taken 
from Gill 1957; Turnbull et al. 1965; Blackburn 1966; Harding 1969; Bowler & Hamada 1971; Aziz–
Ur–Rahman & McDougall 1972; Wellman 1974; Bennett et al. 1975; Dodson 1975; McDougall & 
Gill 1975; Singleton et al. 1976; Dasch & Millar 1977; Gill 1978, 1979; Barbetti & Sheard 1981; 
Gill 1981; Blackburn et al. 1982; McKenzie et al. 1984; Ollier 1985; Gill & Sherwood 1986; Smith 
& Prescott 1987; Webb 1989; Edwards 1990; Henley & Webb 1990; Wallace 1990; Wallace & Ollier 
1990; Tickell 1991; Nicholls et al. 1993; Cayley et al. 1995; Edwards et al. 1996; Robertson et al. 
1996; Taylor et al. 1996; Stone et al. 1997; Webb et al. 1998; Taylor et al. 2000; Edwards et al. 
2001; Graham et al. 2003; Kotsonis & Joyce 2003; Edwards et al. 2004; Gibson 2007 and Gray & 
McDougall 2009.

It is very clear from Figure 1.13 and Table 1.3 that there are no dates available for the vast 
majority of eruption centres, with only 61 dated samples being traceable to no more than 39 of 437 
known eruption centres. There are in some cases multiple dates for a single centre (e.g., 9 for Mt 
Rouse) and the number of dated centres constitutes <9% of the total number. There are almost twice 
as many map points for basalt point samples (Figure 1.13), with 66 sample locations for 97 samples 
(Table 1.3). Since these samples are not traceable to eruption centres, they are only useful in adding to 



24

Chapter 1

145° E

145° E

144° E

144° E

143° E

143° E

142° E

142° E

141° E

141° E

37° S
37° S

38° S
38° S

W.A.

N.T.
Qld.

S.A.
N.S.W.

Vic.NVP

Newer Volcanics Province outcrop

0 25 50 100
Km

<0.5 Ma

>0.5–1 Ma
>1–2 Ma

>2–3 Ma

>3–4 Ma
>4 Ma

Eruption centre Point sample

Eruption centres of the NVP (Boyce 2013)

Dates of eruption centres and point samples of basalt in the Newer Volcanics
Province, southeast Australia

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

! !

!

!

!

!

!

!

!

!

!

!

! !

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

! !

!

!

!

!

!
!

!

!

!

!

! !

!

!

!

!

!

!

!

!
!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!!

!

!

!

!

!

!

!

!

!

! !

!

!

!

!

!

!

!

!

!

!

!

!
!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

! !

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!!

!!

!

!

! !

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure 1.13 Ages of eruption centres (filled circles) and point samples of basalts (filled squares) in the Newer Volcanics 
Province, compared to the number of eruption centres in the province (small black filled circles).

the knowledge of the timespan of eruptions in the NVP. Only those samples traceable to an eruption 
centre can be used to place progressions or clusters of volcanic activity into a time frame, both locally 
and within the province as a whole. These major limitations highlight the fact that little is known 
about the timespan of eruptions in the NVP, and any inferences drawn from the available data must 
be considered as preliminary. Volcanism in the NVP began at approximately 7.8 Ma, with Lady Julia 
Percy Island being one of the oldest known volcanoes. Basalts older than 4 Ma have been found at 
Hamilton (4.46 Ma; McDougall et al. 1966; Gill 1957; Turnbull et al. 1965; Harding 1969; Ollier 
1985; Gibson 2007), southeast of Ararat (6.07 Ma and 4.65 Ma; Cayley et al. 1995), Axedale (5.57 
Ma and 4.82 Ma; Henley & Webb 1990; Edwards et al. 2001; Gibson 2007), NE Redesdale (4.49 Ma; 
Henley & Webb 1990; Graham et al. 2003; Gibson 2007), and Keilor (4.64 Ma; McDougall et al. 
1966; Bennett et al. 1975; Gibson 2007). Eruptions older than 7.8 Ma may be buried beneath younger 
basalts.

In many studies, the NVP has been thought to be due to hot spot volcanism, as outlined in 
section 1.5 (Wellman & McDougall 1974; Wellman 1983; Duncan & McDougall 1989; Sutherland 

Table 1.3  Numbers of dated Newer Volcanics Province 
samples (both samples from known eruption centres 
and point samples) within defined age ranges (data 
summarised in Fig. 2).

Centres Point samples

Age (Ma)
Points on 

map Samples
Points on 

map Samples
<0.5 9 18 0 0
0.5-1 4 7 10 18
1-2 5 5 14 14
2-3 11 17 29 42
3-4 5 7 5 9
>4 4 7 8 14

Total 38 61 66 97
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1991; Matsumoto et al. 1997). However, as discussed in Section 1.5 and as obvious from Figure 
1.13, there is no clear age progression of volcanic activity within the NVP. This is further supported 
by Figure 1.14, which shows sample ages in relation to latitude (Figure 1.14a) and longitude (Figure 
1.14b). The latitude and longitude shown on the graph axes of Figures 1.14a and b were based on the 
volcanoes at the far edges of the province. These were: North, Bald Hill composite Lava Shield at 
Woodstock (-36.7673 144.0503); East, Round Hill Lava Shield at Broadford (-37.1830 145.0335); 
South, Lady Julia Percy Island Magmatic Volcanic Complex (-38.4159 142.003); and West, Mt 
Muirhead Maar–Cone Volcanic Complex (-37.5587 140.4044).

The Palaeozoic Moyston Fault, which is believed to represent the suture between the 
Delamerian and Lachlan orogens (Korsch et al. 2002; Cayley et al. 2011), is taken to be coincident 
with the Mortlake Discontinuity, which is based upon distinct ranges of Sr-isotope ratios of NVP 
basalts, and which subdivides the Western Plains subprovince into eastern and western sections, 
(Price et al. 1997; see below). Gray & McDougall (2009) presented a histogram of K–Ar ages for 
NVP basalts that distinguished ages to the east and west of the Mortlake Discontinuity and found 
a pronounced peak in volcanism between 3.0–1.8 Ma. They argue that this constitutes the period 
of maximum activity in the field, with the most widespread activity and most frequent eruptions; 
they further argue and volcanism began to wane after this age peak.  In light of the fact that there 
are currently ages for <9% of the known volcanoes, such arguments may be inherently flawed. A 
similar histogram using age intervals of 0.5 Ma and distinguishing samples to the west and east of the 
Mortlake Discontinuity, using samples from all published studies traceable to eruption centres and 
highlighting basalts of the Central Highlands subprovince is shown in Figure 1.14c. The lack of data 
for eruption centres >4.5 Ma most likely reflects sampling bias, but volcanism has been continuous 
since at least 4.5 Ma. The same peak in volcanism was identified at ca 2–3 Ma but mainly in eruption 
centres to the east of the Mortlake Discontinuity. Contrary to the Gray & McDougall (2009) study, 
there is a pronounced peak in volcanism from <0.5 Ma, particularly to the west of the Mortlake 
Discontinuity. This peak is best illustrated by Mounts Gambier and Schank, and Lake Leake within 
the Mt Gambier subprovince; Mounts Rouse, Napier, Eccles and Porndon, and Lake Keilambete in 
the Western Plains subprovince; and Mt Franklin in the Central Highlands subprovince. This suggests 
that NVP volcanism is in fact not waning with time, but this conclusion may change as more dates 
are obtained for samples traceable to their parent volcanic centre. If suitable dating is undertaken on 
more of the remaining 91% of known eruption centres (e.g., from 4.5 Ma onwards at least), a better 
understanding of how volcanism has changed over time in the NVP will be gained, any age-clustering 
of volcanoes can be identified, and peaks in volcanism will be more meaningful and provide better 
predictive tools for any future volcanism. 
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1.6.3 Geochemistry of the Newer Volcanics Province 

The NVP has been extensively studied in terms of the petrology and geochemistry of its 
products, which have been shown to cover a wide range of compositions. Early studies focussed on 
petrographic descriptions, such as those by Skeats & Summers (1912) and Edwards & Crawford 
(1940), and petrology (Edwards 1938). Chemical analyses of NVP rocks were first presented by 
Stanley (1909) and Grayson & Mahoney (1910); later work has focussed on the normative and modal 
classification of the rocks (e.g., Frey & Green 1974; Irving & Green 1976; Frey et al. 1978). During 
the 1980’s, the basalts of the NVP were subdivided into two series—the Plains basalts and the Cones 
basalts (Price et al. 1988, Vogel & Keays 1997)—terms that are still in use. In recent years modern 
geochemical analyses have been used to try to understand the source regions of the parental magmas, 
using both major and trace elements as well as isotopic analysis (e.g., McDonough et al. 1985; Price 
et al. 1997, Vogel & Keays 1997; McBride et al. 2001; Demidjuk et al. 2007) and studies of mantle 
xenoliths hosted by NVP volcanic products (e.g., O’Reilly & Griffin 1988; McBride et al. 1996; 
Matsumoto et al. 2000).

1.6.3.1 Major and trace elements

A total of 218 major element analyses available in the literature were renormalised to 100% on 
a volatile-free basis after calculating Fe2O3/FeOtotal ratios (see enclosed CD). CIPW norms were then 
recalculated assuming a Fe2O3/FeOtotal ratio of 0.15 and used to classify the rocks as either Cones 
series alkaline (normative nepheline) or Plains series transitional (normative hypersthene + normative 
quartz <10%) or tholeiitic (normative hypersthene + normative quartz >10%) as outlined in Price et 
al. (1997). Data are provided on the enclosed CD. Most of the published analyses are alkaline (156), 
while relatively few are transitional (16) or tholeiitic (23). The majority of the published analyses were 
from studies focussing on the cones of the NVP, for example in studies by Irving & Green (1976), 
Ellis (1976) and McDonough et al. (1985). Many of the Plains series data are published in Price et al. 
(1997), who provide data tables for only 23 of >400 samples. This is the most comprehensive study 
of the Plains series and the full data set (including coordinates of sample locations) is currently being 
digitised alongside the other studies of NVP geochemistry in a joint effort between researchers and 
Geoscience Victoria (David Taylor pers. comm. 2014). All data used in this study have been made 
available and the database should be complete in 2015 and available online through Geoscience 
Victoria. The data may then be used to provide a significant update to the geochemical distribution 
maps presented below. Many additional geochemical data on NVP rocks remain unpublished in 
numerous Honours, Masters and PhD theses, and are not used in this study. 

The renormalised literature values, when plotted on a Total Alkalis vs Silica (TAS) diagram 
(Le Bas et al. 1986; Le Maitre et al. 2002), show compositions ranging from basalts (alkaline and 
subalkaline), trachybasalts and basanites to basaltic andesites, trachyandesites and phonotephrites 
(Figure 1.15a). Price et al. (1997) results were also superimposed onto an expanded TAS diagram 
to show the more complete range of Plains suite basalts (Figure 1.15b). Plains basalts make up the 
extensive valley-forming lava fields and consist of dominantly tholeiitic and transitional compositions, 
with more strongly alkaline lavas comprising <2% of erupted products. Alkalic Cones basalts constitute 
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& Keays 1997; McBride et al. 2001; Foden 
et al 2002; Demidjuk et al. 2007. b) Price et 
al. 1997 data superimposed into a zoomed-in 
TAS diagram, showing a more comprehensive 
dataset of basalts.

those erupted at the smaller scoria cones, maars and tuff rings and are typically small-volume flows; 
they are dominantly basanites, nephelinites, nepheline hawaiites and nepheline mugearites (>60% of 
analysed samples) (Price et al. 1988; Ewart 1989; Vogel & Keays 1997). It is important to note that 
some of the larger volcanic cones are also associated with Plains basalt eruptions. 

MgO contents range from 3.76–17.5 wt% (based on 218 published NVP samples; Figure 
1.16). With decreasing MgO content, there is a general increase in the amount of Al2O3 and K2O and 
a decrease in TiO2, FeO and CaO, with the other oxides showing scattered data. These trends indicate 
that fractionation of olivine and pyroxene has played a key role in the evolution of NVP basalts (e.g., 
Irving & Green 1976; Price et al. 1997; Vogel & Keays 1997). The highest concentrations of TiO2 
and Al2O3 are found in both alkali and transitional samples, while higher MnO, Na2O, K2O and P2O5 
are found in the more alkali rocks. K2O and P2O5 are therefore thought to be reflective of lithology 
(Price et al. 1997).

Mg-numbers of basalts are used to estimate the primary nature of a basaltic liquid, as it may 
serve as an index of crystal fractionation (Oskarsson et al. 1982; Wilkinson 1982). Minimally modified 
mantle melts have a Mg-number of >70. Mg-numbers were calculated for available geochemical 
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Figure 1.16 Major elements versus MgO for the rock suites of the NVP (n = 218). Data from Frey & Green (1974); Ellis 
(1976); Irving & Green (1976); Frey et al. (1978); McDonough et al. (1985); Stone et al. (1997); Price et al. (1997); Vogel 
& Keays (1997); McBride et al. (2001); Foden et al. (2002); Demidjuk et al. (2007).
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data that were traceable to individual eruption centres in the NVP and the maximum values for each 
centre were plotted onto a volcano distribution map (Figure 1.17). This map is based on 287 analyses 
traceable to 49 eruption centres (Frey & Green 1974; Ellis 1976; Irving & Green 1976; Frey et al. 
1978; McDonough et al. 1985; Stone et al. 1997; Foden et al. 2002; Demidjuk et al. 2007; Prata 2012; 
Uehara 2012; van Otterloo 2012; Boyce 2014). Data from Price et al. (1997) were excluded from the 
maps, but should be included in future publications when the data become available. 

Green (1970) and Price et al. (1997) considered that the majority of basalts in the NVP could 
not represent primary magmas, with most having Mg-numbers lower than 68 and Ni lower than 400 
ppm; however, other reported data suggest that some of the NVP alkaline and transitional series 
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Figure 1.17 Maximum recorded Mg-numbers of basalts traceable to eruption centres in the Newer Volcanics Province 
(filled circles), compared to the number of eruption centres in the province (small black filled circles).

basalts could be considered primary (Figure 1.17). Primary magmas with Mg-numbers of >70 are 
shown on Figure 1.17 as orange (70–75) or blue circles (75–80). Many of the data shown in Figure 
1.17 lie within the Mg-number range 60–70 (green and brown circles), and the corresponding products 
were therefore chemically modified to some degree en-route to the surface. The Mt Burr Range in 
South Australia contains a concentration of volcanic centres with high Mg-numbers that are between 
58.53–68.24 for Mt Burr and 75.83–76.64 for Mt Edward (Table 1.4). High Mg-numbers are also 
found in centres located in the Western Plains sub-province such as Mt Noorat (62.59–71.65), Mt 
Shadwell (64.60–71.29), and Mt Frazer (68.75), all of which contain abundant mantle xenoliths, 
attesting to high rates of magma ascent. The lowest Mg-numbers are found in the Central Highlands 
at Melbourne Hill (44.71) and Mt Gorong (41.28; Table 1.4). An important consideration is the fact 
that, with the exception of centres such as Mounts Rouse, Gambier and Leura, the vast majority of 
eruption centres are classified on the basis of very few geochemical analyses, (Table 1.4). Maps 
such as those in Figure 1.17 will become more meaningful as more analyses become available for 
individual centres.
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Table 1.4. Range of Mg-numbers of samples traceable to eruption centres in the Newer Volcanics Province, showing 
eruption centre, subprovince, latitude and longitude, Mg-number range and the number of samples.

Volcanic Centre Subprovince Latitude Longitude Mg# Range
Number of 
samples

Cape Grant WP -38.404 141.625 59.1 1

Gow Hill WP -38.013 143.869 61.95 1

Lake Keilambete WP -38.206 142.880 60.53 1
Lake Leak MG -37.613 140.585 69.52–70.62 2
Melbourne Hill WP -37.300 144.745 44.71 1

Mt Bullengarook CH -37.510 144.493 53.93 1

Mt Bunninyong CH -37.653 143.924 64 1

Mt Burr MG -37.603 140.482 58.53–68.24 2
Mt Callender CH -37.507 143.646 48.08 1

Mt Consultation CH -37.098 144.169 56.68 1

Mt Cottrill WP -37.763 144.623 62.18 1

Mt Eccles WP -38.061 141.922 63.78 1

Mt Eckersley WP -38.089 141.638 59.4 2

Mt Edward MG -37.628 140.618 75.83–76.64 2

Mt Elephant WP -37.961 143.198 64.31–68.34 3

Mt Franklin CH -37.265 144.150 61.33–64.33 5

Mt Fraser CH -37.462 144.978 68.65 2

Mt Gambier MG -37.841 140.766 59.84–63.29 41

Mt Gellibrand WP -38.234 143.791 59.6 2

Mt Gorong CH -37.608 144.249 41.28 2

Mt Graham MG -37.523 140.444 65.9–68.79 3

Mt Hamilton WP -37.785 142.986 56.01 1

Mt Holden CH -37.565 144.693 46.37 1

Mt Kincaid WP -38.182 141.369 63.61 2

Mt Kurweeton WP -38.086 143.140 63.96 1

Mt Leura WP -38.251 143.155 61.81–65.48 21

Mt McIntyre MG -37.568 140.544 65.58–68.87 4

Mt Mercer WP -37.817 143.863 62.13 1

Mt Mitchell CH -37.285 143.584 55.95 1

Mt Moolort CH -37.047 143.860 58.68 1

Mt Moriac WP -38.199 144.167 64.61 1

Mt Muir MG -37.549 140.457 66.68–68.84 2

Mt Napier WP -37.891 142.054 62.11–64.00 3

Mt Noorat WP -38.176 142.934 62.59–71.65 10

Mt Porndon WP -38.313 143.284 63.43–67.65 11

Mt Ridley CH -37.566 144.933 62.93–65.64 2

Mt Rouse WP -37.885 142.303 63.66–71.61 83

Mt Schank MG -37.940 140.736 56.45–59.247 9

Mt Shadwell WP -38.055 142.809 64.60–71.29 7
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Fewer comprehensive trace element analyses than majors are available for the NVP. With 
decreasing MgO, there is a strong linear decrease in both Cr and Ni, which has been attributed to 
Cr-spinel, olivine and pyroxene fractionation (Figure 1.18) (e.g., Irving & Green 1976; Price et al. 
1997; Vogel & Keays 1997). There is considerable scatter in the Large Ion Lithophiles (LILE), High 
Field Strength Elements (HFSE) and Rare Earth Elements (REE). Overall, the alkali Cones series 
contains the higher concentrations of trace elements and the Plains series the least, a feature that 
is also evident on chondrite-normalised REE plots (Figure 1.19; Ewart & Chappell 1989; Price et 
al. 1997; Vogel & Keays 1997). The REE patterns of NVP rocks (separated into Plains, Cones and 
Transitional basalts) are similar to those of Ocean Island Basalts (OIB) in showing enrichment in 
Light Rare Earth Elements (LREE) and depletion in Heavy Rare Earth Elements (HREE), indicating 
predominantly garnet-bearing source regions (Figure 1.19). There is a progressive steepening of slope 
from the tholeiitic to the alkaline suites, which indicates progressively smaller degrees of mantle 
source partial melting (Price et al. 1997; Vogel & Keays 1997). 

As the degree of partial melting is typically inversely proportional to the melting depth 
(Langmuir et al. 1992), the depth of magma generation can be assumed to be shallower for the 
tholeiitic suite, deepening through the transitional to the alkaline suite (Irving & Green 1976; Price et 
al. 1997; Vogel & Keays 1997). The ratio Gd/Yb increase with increasing depths of melt generation; 
the reason for this is that Yb and the other HREE are retained in garnet during small degrees of 
partial melting (Irving & Frey 1987). The alkaline suite (Cones) have higher Gd/Yb ratios than the 
transitional or tholeiitic (Plains) suites (Figure 1.20). This indicates that the Cones suite basalts are 
from deeper mantle reservoirs than the Plains suite basalts. Variations in Gd/Yb have also been noted 
by Vogel & Keays (1997), who attribute the variations to declining degrees of partial melting. Based 
on their PGE analyses of the NVP, Vogel & Keays (1997) suggested that the transitional basalt suite 
(and by inference, the alkali suite) was probably derived from a refractory mantle source material, 
whereas the tholeiitic basalt suite evolved from a non-melt-depleted mantle reservoir.

Elemental ratios of La/Nb, Ba/Nb, Rb/Nb, Th/Nb, Th/La and Nb/U can be used to assess 
crustal contamination, as they generate constant ratios during partial melting and fractionation 
(Sun et al. 1989). Incompatible element ratios for the NVP samples show that on average, there has 
been little or no contamination of magmas en-route to the surface (Table 1.5). Ratios show average 
values similar to primordial mantle values, but some samples show contamination as being closer to 
continental crust values. However, there is not always consistent evidence for contamination across 

Mt Wallace CH -37.751 144.213 60.26 1

Mt Warrenheip CH -37.575 143.958 64.49–64.86 3

Mt Warrnambool WP -38.307 142.737 63.49 1

Mt Watch MG -37.692 140.525 72.97–74.32 6

Mt Widderin WP -37.747 143.353 61.4 2

Red Hill WP -38.045 141.435 63.83 1

The Anakies WP -37.898 144.282 59.44–65.03 10

The Bluff MG -37.72 140.565 68.21–69.52 2

Tower Hill WP -38.317 142.360 61.96 23

Warrion Hill WP -38.218 143.530 63.04 1
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Figure 1.18 Trace element variation diagrams against MgO for the rock suites of the NVP (n = 105). Data from Frey & 
Green (1974); Ellis (1976); Irving & Green (1976); Frey et al. (1978); McDonough et al. (1985); Stone et al. (1997); Price 
et al. (1997); Vogel & Keays (1997); McBride et al. (2001); Foden et al. (2002); Demidjuk et al. (2007).
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Figure 1.19 Chondrite-normalised rare earth element diagram showing the range of NVP values (grey shaded area) 
compared to the OIB average (Sun and McDonough 1989) and average values for the Tholeiitic Plains (blue line), 
Transitional Plains (red line) and Alkali Cones (green line) rock suites of the NVP (Price et al. 1997; Vogel and Keays 
1997; McBride et al. 2001; Demidjuk et al. 2007).
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Figure 1.20 Gd/Yb vs MgO for selected 
NVP basalts, showing Cones series 
(alkali, green squares) and Plains series 
transitional basalts (red triangles) and 
tholeiitic basalts (blue diamonds). Data 
from McBride et al. (2001); Price et 
al. (1997); Vogel & Keays (1997) and 
Demidjuk et al. (2007).

Table 1.5 Incompatible element ratios for the primordial mantle and continental crust (values from Weaver 1991 with 
the exception of Nb/U of Hofmann et al. 1986) compared to the range of values for NVP products (average in brackets), 
showing mantle values for the volcano and no crustal contamination.

La/Nb Ba/Nb Rb/Nb Th/Nb Th/La Nb/U

Primordial Mantle 0.94 9 0.91 0.11 0.13 30

Continental Crust 2.2 54 4.7 0. 44 0.2 10

Alkali 0.71–1.5 (0.91) 10.46–20.68 (13.95) 0.7–1.8 (1.18) 0.1–0.25 (0.13) 0.06–0.22 (0.15) 11–40 (26.07)

Transitional 0.7–1.87 (0.99) 9.07–23.23 (13.62) 0.55–1.28 (0.75) 0.08–0.18 (0.12) 0.05–0.2 (0.11)
22–85 (46) (5 
samples)

Tholeiitic 0.58–1.42 (0.82) 5.97–14.58 (9.77) 0.11–1 (0.62) 0.06–0.18 (0.1) 0.07–0.24 (0.12) 12.66–68.23 (42.61)
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all ratios—for instance, a sample may have slightly elevated Ba/Nb that would indicate slight crustal 
contamination, but high Nb/U ratios that would not. 

1.6.3.2 87Sr/86Sr isotopes

As there is often very little evidence for significant contamination of NVP magmas, isotopic 
ratios are used to provide information on the nature and location of the magma source regions. 
Strontium isotope analyses are available for >560 samples across the NVP (Cooper & Green 1969; 
Dasch & Green 1975; Stuckless & Irving 1976; McDonough et al. 1985; Whitehead 1986, 1991; 
Ewart et al. 1988; Price et al. 1997; McBride et al. 2001; Foden et al. 2002; Demidjuk et al. 2007). 
Isotopic ratios of NVP rocks have been found to correlate with rock composition, with alkaline rocks 
typically featuring lower ratios, through to tholeiitic basalts and basaltic trachyandesites, which have 
the highest ratios (Ewart & Menzies 1989). Early studies of Sr isotopes in NVP basalts gave a 87Sr/86Sr 
range of 0.7034–0.7045 (Dasch & Green 1975; Stuckless & Irving 1976; McDonough et al. 1985), 
similar to OIB (Demidjuk et al. 2007). This relatively large range was attributed to heterogeneous 
mantle source regions (Stuckless & Irving 1976). The Sr-isotopic values of NVP rocks are often 
attributable to sources with characteristics between those of HIMU (ca 0.7029) and EM1 (ca 0.705; 
Zindler & Hart 1986), both of which have trace element signatures that indicate some degree of 
mantle metasomatism in the source region.

Maximum recorded 87Sr/86Sr isotope values for 116 analyses traceable to 26 eruption centres 
are shown in Figure 1.21 and Table 1.6 (Cooper & Green 1969; Dasch & Green 1975; Stuckless & 
Irving 1976; McDonough et al. 1985; Whitehead 1986, 1991; Ewart et al. 1988; Price et al. 1997; 
McBride et al. 2001; Foden et al. 2002; Demidjuk et al. 2007; van Otterloo 2012; Boyce 2014). They 
do not include the analyses of Price et al. (1997) as they were not available to the author. Similar to 
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Figure 1.21 Maximum recorded 87Sr/86Sr isotope values of basalts traceable to eruption centres in the Newer Volcanics 
Province (filled circles), compared to the number of eruption centres in the province (small black filled circles).
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Volcanic Centre Subprovince Latitude Longitude 87Sr/86Sr range
No. of 
samples

Lake Leak MG -37.613 140.585 0.704 2

Mt Burr MG -37.603 140.482 0.7044–0.7045 2

Mt Eckersley WP -38.089 141.638 0.705 1

Mt Edward MG -37.628 140.618 0.705 1

Mt Elephant WP -37.961 143.198 0.704 1

Mt Franklin CH -37.265 144.150 0.7036–0.7037 2

Mt Fraser CH -37.462 144.978 0.704 1

Mt Gambier MG -37.841 140.766 0.7036–0.7044 22

Mt Gellibrand WP -38.234 143.791 0.7041–0.7043 2

Mt Gorong CH -37.608 144.249 0.704 1

Mt Graham MG -37.523 140.444 0.7042–0.7045 3

Mt Kincaid WP -38.182 141.369 0.705 1

Mt Leura WP -38.251 143.155 0.7038–0.7043 2

Mt McIntyre MG -37.568 140.544 0.7041–0.7043 3

Mt Muir MG -37.549 140.457 0.7044–0.7046 2

Mt Napier WP -37.891 142.054 0.7039–0.7041 8

Mt Noorat WP -38.176 142.934 0.7038–0.7045 4

Mt Porndon WP -38.313 143.284 0.7039–0.7045 5

Mt Rouse WP -37.885 142.303 0.7037–0.7045 27

Mt Schank MG -37.940 140.736 0.7040–0.7041 7

Mt Shadwell WP -38.055 142.809 0.7039–0.7041 3

Mt Warrenheip CH -37.575 143.958 0.704 1

Mt Watch MG -37.692 140.525 0.7042–0.7045 4

Mt Widderin WP -37.747 143.353 0.704 1

The Anakies WP -37.898 144.282 0.7035–0.7041 8

The Bluff MG -37.72 140.565 0.7043–0.7050 2

age data, Sr-isotope ratios are available for only 6% of NVP eruption centres. If the 456 analyses of 
Price et al. (2007) were traced to eruption centres and added to the map, a more complete picture 
would be obtained of the variations within the NVP and could be used to direct further studies. Such 
maps could be correlated with geodynamical models and help us to better constrain the nature of the 
underlying mantle.

Price et al. (1997) recognised an isotopic discontinuity in basalts ~200 km west of Melbourne, 
coinciding with the Palaeozoic Moyston Fault—the suture between the Delamerian and Lachlan 
orogens. Basalts east and west of the Mortlake Discontinuity (MD) were found to feature a similar 
lower 87Sr/86Sr isotopic ratio limit of ~0.7037, but ratios were higher and more varied in the east 
(0.7037–0.7058) compared to the west (0.7037–0.7046) (Figure 1.22a). This indicates the influence 
of distinct sources within the eastern and western lithospheric mantle segments (Cooper & Green 
1969; Dasch & Green 1975; Stuckless & Irving 1976; McDonough et al. 1985; Whitehead 1986; 
Ewart et al. 1988; Price et al. 1997, 2003; McBride et al. 2001; Foden et al. 2002; Demidjuk et al. 

Table 1.6 Range of 87Sr/86Sr isotope values of samples traceable to eruption centres in the Newer Volcanics Province, 
showing eruption centre, subprovince, latitude and longitude, Mg-number range and the number of samples.
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 Figure 1.22 87Sr/86Sr isotopic composition of Newer Volcanics Province basalts along an East to West profile to 
the West of Melbourne, showing the position of the Mortlake Discontinuity. a) 456 analyses based on composition, where 
filled squares are basaltic andesites, open squares tholeiites, crosses transitional basalts and filled triangles alkali rocks 
(modified after Price et al. 1997). b) A summary of figure (a), whereby the mean isotopic value of individual domains 
were calculated, and the average distance of the domain (modified after Price et al. 1997). c) Reported Sr isotope literature 
values from the remaining published literature to serve as a comparison with, and running further west than that of, Price 
et al. (1997) (Cooper & Green 1969; Dasch & Green 1975; Stuckless & Irving 1976; McDonough et al. 1985; Whitehead 
1986; Ewart et al. 1988; McBride et al. 2001; Foden et al. 2002; Demidjuk et al. 2007).
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2007). Price et al. (1997) used a combination of 87Sr/86Sr isotope data, petrography, major element 
geochemistry and age data to define 29 isotopic domains (groups with similar characteristics) across 
the Western Plains).  These domains were interpreted as representing single large flows or groups of 
related flows. A plot of mean isotopic values for these domains makes the Mortlake Discontinuity 
more pronounced (Figure 1.22b). Data from other published studies were traced back to their volcano 
of origin and plotted on a similar diagram, with distances representing kilometres west of Melbourne 
to the point of origin (Figure 1.22c). The graph plots further west than that of the original study, as 
it includes the volcanoes of the Mt Burr Range and the 107 samples plotted only cover 26 of 437 
volcanoes in the NVP. These data lowers the base 87Sr/86Sr isotopic ratio to ~0.7035 on both sides of 
the Mortlake Discontinuity, and it is clear that some volcanoes have been more extensively studied 
than others (e.g., Mts Rouse and Gambier; Table 1.6). It is suggested that when a full dataset becomes 
available for the Price et al (1997) study, a comprehensive analysis of the 457 Sr-isotope sample 
locations should be undertaken in order to trace the flows back to their source and the results then 
plotted onto Figure 1.22c. This will enable the upper limit and variability of isotope compositions 
across the MD to be better assessed. Although the Western Plains sub-province is subdivided by 
the Mortlake Discontinuity, it behaves as a single geological entity, as it has the same time-span of 
eruptions, the same age range of peak activity (3.0–1.8 Ma) and the same progression from tholeiitic 
to alkaline compositions. The causes of activity therefore appear to be independent of crustal geology 
or the nature of the two mantle lithosphere segments involved (Gray & McDougall 2009).

Price et al. (1988) found that the Cones series basalts are isotopically distinct from the Plains 
series, with a 87Sr/86Sr range of 0.70379-0.70489 (24 samples) for the Cones basalts (McDonough 
et al. 1985) compared to 0.7036-0.7058 (400 samples) for the Plains basalts. On the basis of these 
differences, and also Os-isotope data, McBride et al. (2001) argued that the two series cannot be 
related to a single uniform mantle source by contrasted melting processes. Instead, they suggested 
that the Plains series basalts reflect either several mantle sources and/or show the effects of crustal 
contamination, due to their isotopic heterogeneity, whereas the Cones magmas ascended rapidly 
without significant crustal interaction. 

1.6.3.3 Metasomatism beneath the Newer Volcanics Province

Observations on the mantle beneath western Victoria are possible through the study of mantle 
xenoliths, which are common to the east of the Mortlake Discontinuity, but are virtually unknown to 
the west (Price et al. 2003). Most mantle xenoliths occur within Cone series scoria cones and maars, 
predominantly associated with more strongly alkaline basalts. Therefore many localities are found in 
the Camperdown area (Price et al. 2003), which contains most of the maars. However, composition is 
not thought to be the sole control on xenolith occurrence (Nicholls et al. 1993). Peridotite xenoliths 
are the most common type, mainly spinel lherzolites, but harzburgites, dunites, pyroxenites and 
websterites  are also present (Price et al. 2003)  These nodules have been used to infer the nature of 
the lithosphere beneath the NVP (O’Reilly & Griffin 1985, 1988; Griffin et al. 1988). Granulitic and 
eclogitic xenoliths are also found at some localities (Griffin et al. 1988; O’Reilly & Griffin 1988). 

Early studies suggested that the source regions of the host magmas differed from those of 
the xenoliths due to observed isotopic differences. Therefore the xenoliths are accidental in nature 
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and attest to the high ascent rates of the magmas, since dense xenoliths would sink in slowly rising 
magma. An origin in the lithospheric mantle is widely accepted for the peridotite xenoliths (Green et 
al. 1968; Kleeman et al. 1968; Frey & Green 1974; Dasch & Green 1975).

Both LREE-depleted and LREE-enriched types of xenoliths are present in NVP volcanic 
products. These are thought to reflect past melt depletion and enrichment events in the mantle (Frey 
& Green 1974; McDonough & McCulloch 1987). The lithospheric mantle underwent partial melting 
during stabilisation, leading to LREE-depletion, and eventually LREE-enrichment events occurred 
(McDonough & McCulloch 1987) due to metasomatism (McDonough & McCulloch 1987; O’Reilly 
& Griffin 1985; Griffin et al. 1988) during the late Proterozoic (McBride et al. 1996; Handler et al. 
1997). These events resulted in contrasting degrees of depletion and enrichment over small areas, 
leading to a heterogeneous mantle (McDonough & McCulloch 1987). The mantle beneath western 
Victoria has undergone at least three metasomatic events (O’Reilly & Griffin 1988; Griffin et al. 
1988) and metasomatism has been reported to increase with depth (Frey et al. 1978; McDonough et 
al. 1985, 1987; Boyce et al. 2014). The first episode involved recycled crust and is associated with 
garnet pyroxenites with high 87Sr/86Sr (500–300 Ma). The second event is associated with wehrlitic 
pyroxenites and mantle array Sr–Nd values (60 Ma–present); and more recently, local metasomatic 
overprinting has taken place via carbonatitic fluids and silicate melts (Stolz & Davies 1988; Yaxley 
et al. 1991, 1996; Yaxley & Kamenetsky 1999; Powell et al. 2004; O’Reilly & Griffin 2013). 
Metasomatism has led to the enrichment of incompatible trace elements such as REE, Sr, U and 
Th (apatite) and K, Ba, Nb and Ta (mica/amphibole) (O’Reilly & Griffin 2013). Mica and apatite, 
which are normally not present in mantle peridotites, are found in NVP xenoliths (O’Reilly et al. 
1989). In addition, the mantle beneath western Victoria is thought to be heterogeneous on scales from 
centimetres to around 1 km (McDonough & McCulloch 1987; O’Reilly & Griffin 1988; O’Reilly et 
al. 1989).

A geotherm was defined for southeastern Australia based on mineral assemblages of garnet 
pyroxenite xenoliths from Lakes Bullen Merri and Gnotuk in the NVP (Figure 1.23; O’Reilly & 
Griffin 1985). Microprobe analyses were carried out on geochemically homogeneous minerals in 
order to calculate pressure-temperature values by several different methods, then used to derive the 
geotherm (Figure 1.23). The geotherm is useful, as it also shows univariant curves for the garnet 
lherzolite/spinel lherzolite (Herzberg 1978) and garnet pyroxenite/spinel pyroxenite transition zones 
(Kornprobst 1970; Irving 1974; Herzberg 1978), and the amphibole stability curve for ultramafic 
rocks (Milhollen et al. 1974). The amphibole-in curve intersects the geotherm at high temperatures 
(>1000°C), and is consistent with studies of mantle xenoliths in the NVP, many of which contain 
primary amphiboles (O’Reilly & Griffin 1985). In southeast Australia the crust–mantle boundary 
(which is believed to be gradational) lies at a depth of ~40 km (Aivazpourporgou 2013; Fontaine et 
al. 2013) and the lithosphere–asthenosphere boundary has been estimated at ~61 ± 11 km (Ford et 
al. 2010). Estimates of temperature and depth of magma formation have been calculated for Mts. 
Rouse and Gambier, and the volcanoes of the Mt Burr range (Boyce et al. 2012, 2014, 2015; van 
Otterloo 2014; Holt et al. 2014). These suggest that the primary magmas were sourced from the 
lithosphere–asthenosphere boundary or shallow asthenosphere. If such models were developed for 
multiple volcanoes across the NVP using similar calculations, the volcano distribution maps could be 
used to constrain both the spatial extent of magma types and depths of melting across the province.
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Figure 1.23 Southeast Australian Geotherm 
(heavy black line), showing garnet 
lherzolite/spinel lherzolite transition zone 
and amphibole stability curve. Modified 
after O’Reilly & Griffin (1985), with crust-
mantle boundary from Aivazpourporgou 
(2013) and Fontaine et al. (2013) and 
lithosphere–asthenosphere boundary from 
Ford et al. (2010).

1.7 Thesis structure

This thesis is structured as an introduction chapter, four research chapters and a conclusions 
and discussion chapter. Research chapters have been structured as scientific journal articles; although 
this leads to the repetition of the introductory background of material in each chapter, this is an 
accepted format at Monash University.

Chapter 1 (this chapter) introduces the concept of monogenetic volcanism and outlines the 
aims of this project. It contains background information on the regional and tectonic setting of 
southeastern Australia, eastern Australian volcanism, the Newer Volcanics Province and major and 
trace element analysis and dating of Newer Volcanics rocks.

Chapter 2 is an overview of the NVP and presents a catalogue of eruption points (vents) and 
centres of the province, from a detailed desktop survey. This leads to the presentation of new volcanic 
distribution maps for eruption centres in the NVP. This article was published in the Australian Journal 
of Earth Sciences in July 2013 and is currently in the top 10 most-read articles of the journal.

Chapter 3 focuses on the eruption centres of the Hamilton area in order to place Mt Rouse 
within a local context. The relative ages of the volcanic centres are studied using radiometric data, 
and geochemical analyses of the volcanic products are presented, which define distinct phases of 
eruption in the area. Three new volcanoes are proposed, and the existence of several previously 
described centres are brought into question. This article was published in the Australian Journal of 
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Earth Sciences in June 2014 and is currently in the top 10 most-read articles of the journal.

Chapter 4 describes the complex stratigraphic architecture of Mt Rouse, detailing the various 
facies and eruption styles involved in the genesis of the volcano before outlining a new eruption 
sequence. This chapter is being prepared for submission to the Journal of Volcanology and Geothermal 
Research.

Chapter 5 explores the geochemical nature of the products of Mt Rouse, based on systematic 
sampling through a well-constrained stratigraphic framework. Results are discussed in terms of the 
petrogenesis of the volcanic centre. This article was published in Contributions to Mineralogy and 
Petrology in January 2015.

Chapter 6 summarises the results of the thesis, which are then discussed together with the 
results of other studies in terms of implications for monogenetic volcanism both in the NVP and 
worldwide. 

Additional data for each research chapter, including geochemical analyses, stratigraphic logs 
and the database of eruption centres and associated files are contained in the relevant appendices 
at the end of the thesis and on an enclosed CD–ROM. Appendix 1 contains outreach relating to 
this PhD, including the Mt Rouse section of the IUGG 2011 field trip guide for trip VF01: ‘Factors 
that influence varying eruption styles (from magmatic to phreatomagmatic) in intraplate continental 
basaltic volcanic provinces: The Newer Volcanics Province of southeastern Australia’; an article 
published in Geology Today in May 2014 for the general reader on volcanism in the NVP; and a web 
page and volcano tour written for the Penshurst Volcanoes Discovery Centre.
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Chapter 4
Chapter 2 is a paper which was published in The Australian Journal of Earth Sciences in July 

2013.
At the beginning of this PhD project, an initial literature review revealed a disparity between 

the ~400 volcanoes of the Newer Volcanics Province (NVP) recognised in the standard map of the 
province (Joyce 1975 based on Singleton & Joyce 1970; incorporated into Rosengren 1994) and the 
609 volcanoes listed on the Geoscience Victoria Seamless Geology DVD (October 2011 edition; 32 
volcanoes listed were of the Macedon–Trentham Province, rather than the NVP). In addition, a review 
of satellite imagery in the vicinity of Mt Rouse coupled with fieldwork revealed three previously 
unrecorded volcanoes. Because of the importance of local and regional contexts for any new studies, 
and the fact that in order to create satisfactory maps in ArcGIS geospatial data should be as accurate 
as possible, a new study was initiated to log the locations of volcanoes and vents of the NVP.

A detailed desktop study followed, which correlated historical data with the detailed satellite 
images provided on Google Earth alongside the Seamless Geology 250k Google Earth Overlay 
(Geoscience Victoria) and resulted in a spreadsheet catalogue of geospatial data for volcanoes and 
vents. The spreadsheet was imported into ArcGIS in order to create new volcano distribution maps for 
the NVP and for subsequent studies and reviews of the geochronological (Chapter 1.6.2), geochemical 
(Chapter 1.6.3; Chapter 3) and isotopic (Chapter 1.6.3.2) characteristics of NVP volcanoes.

Subsequently, the NVP was studied in greater detail by analysing geospatial data on ArcGIS, 
such as NASA ASTER digital elevation models, Total Magnetics Intensity data and RGB ternary 
radiometrics (outlined for the Hamilton area in Chapter 3). An update to Chapter 2 is outlined in 
Chapter 1.6.1, and it is recommended that the reader should become familiar with the content of 
Chapter 2 before reading the update.

The full catalogue of geospatial data for NVP volcanoes, a kml file for Google Earth, layer 
files for ArcGIS and explanatory notes can be found in Appendix 2.
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The Newer Volcanics Province of southeastern Australia:
a new classification scheme and distribution map for
eruption centres

J. BOYCE

School of Geosciences, Building 28, Monash University, Clayton, VIC 3800, Australia.

A new volcanic distribution map of the 4.5 Ma–5000 B.P. continental intraplate Newer Volcanics Prov-
ince in southeastern Australia has been produced in order to document >704 eruption points from >416
volcanic centres. Volcanic centres were classified as either simple or complex, with simple centres fea-
turing few eruption points and simple morphologies, while complex centres have multiple eruption
points and complex morphologies. Centres were further characterised according to the nature of their
deposits. Simple volcanoes take the form of lava shields, scoria cones, maars, ash cones and domes,
and unknown eruption types. Complex centres may feature exclusively magmatic eruption products
such as lava and scoria, and are therefore classified as magmatic volcanic complexes; maar volcanic
complexes feature exclusively phreatomagmatic eruption products and have erupted under the
influence of external water, while maar–cone volcanic complexes feature both magmatic and phrea-
tomagmatic eruption products. Approximately half of the eruption points in the Newer Volcanics Prov-
ince are associated with complex volcanic centres. The minimum area of the Newer Volcanic Province
was calculated to be >19 000 km2, which may be a great underestimation, and it is estimated that the
province has an eruption frequency of 1:10 800 yrs. This research has highlighted a need for further
research into the Newer Volcanics Province, as many of the apparently ‘simple’ volcanic centres are
likely to be more complex in nature. A spreadsheet database has been made freely available to
download for research purposes, along with shapefiles for ArcGIS and kml files for Google Earth.

KEY WORDS: Newer Volcanics Province, monogenetic eruption centres, intraplate basaltic volcanism

INTRODUCTION

The continental intraplate Newer Volcanics Province
(NVP) constitutes the most recent phase of volcanic
activity in Australia, with eruptions spanning from 4.5
Ma to ca 5000 BP (Blackburn 1966; McDougall et al. 1966;
Blackburn et al. 1982; Gray & McDougall 2009; Gourama-
nis et al. 2010). The NVP is also known as the Western
District Province in Victoria alone. Since this term does
not cover the most recent occurrences of volcanism in
South Australia, which are geochemically similar to
Victorian volcanoes erupted since ca 4.5 Ma, the term
NVP is used throughout this paper.

The standard map of the NVP shows nearly 400 erup-
tion points in Victoria and South Australia, including
those of the Macedon–Trentham group (an older group
of volcanics) (Joyce 1975). This map came about from a
series of publications during the previous decade, for
example the Victorian maps showing basalt cover and
dot distributions of eruption points (Ollier & Joyce 1964,
1968; Ollier 1967, 1969; Singleton & Joyce 1969) and the
unpublished Singleton & Joyce (1970) catalogue of post-
Miocene volcanoes of Victoria, which was subsequently
incorporated into a report prepared for the National

Trust of Australia and the Geological Society of
Australia on the eruption points of the Newer Volcanics
Province (Rosengren 1994). These maps gradually
became more detailed (Joyce 1975) leading to a map of
eruption points in Victoria (Joyce 1988a).

Subsequently, Geoscience Victoria listed 609 eruption
points in Victoria (DPI Seamless Geology DVD October
2011; David Higgins, pers. comm. 2011), many of which do
not correlate closely with the Joyce (1975) map. These dis-
crepancies, alongside results of the author’s research in
the Hamilton area, identified a need to amalgamate erup-
tion-point information into a single repository and create
an updated map. This article introduces updated volcanic
distribution maps of the NVP alongside a spreadsheet of
eruption points, shapefiles for ArcGIS and kml files for
Google Earth, available to download from VHUB, a site
dedicated to collaborative volcano research.

Geological setting of the Newer
Volcanics Province

The NVP extends approximately 410 km fromMelbourne
in Victoria to the Mt Burr Range in southeastern
South Australia (Figure 1), covering an area of
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>19 000 km2 (calculated in ArcGIS during this study
from DPI seamless geology October 2011 edition), which
is significantly larger than the traditionally used esti-
mate of 15 000 km2 (Ollier 1967), but lower than esti-mates
of 25 000 km2 (McDougall et al. 1966; van Otterloo 2012)
and 27 000 km2 (Cas & van Otterloo 2011). The NVP is the
youngest of three voluminous groups of Cenozoic volca-
nic activity (Joyce & Day 1989), which also include
the 95–19 Ma Older Volcanics (Day 1983) outcropping in
the eastern half of Victoria and the Otway Ranges to the
west, and the 7.0–4.6 Ma Macedon–Trentham group
northwest of Melbourne (Wellman 1974; Dasch & Millar
1977; Ewart et al. 1985). The Macedon–Trentham group is
not considered part of the NVP, as it is compositionally
distinct, resembling and possibly related to the central
volcanic complexes of New South Wales and Queensland
(Knutson & Nicholls 1989). This paper focuses on the
Newer Volcanics group.

The NVP is a monogenetic volcanic field (Ollier &
Joyce 1964; Joyce 1975) composed of the products of
short-lived basaltic volcanoes in the form of scoria cones,
lava shields, maars and composite centres. It has been
subdivided into the Central Highlands, Western Plains
and Mt Gambier subprovinces from east to west based
on geomorphology (Joyce 1975; Nicholls & Joyce 1989).
The Central Highlands cover the dissected uplands of
Paleozoic metasediments and granites northwest of
Melbourne (Nicholls & Joyce 1989; Price et al. 2003), the
Western Plains fill the pre-existing subdued topography
of the Otway Basin, and the Mt Gambier subprovince
lies over the Gambier Embayment sediments, meta-
sediments of the Delamerian Orogeny and Otway Basin
sediments (van Otterloo & Cas 2011). The southern edge

of the NVP is marked by the Colac Lineament and is con-
trolled by faulting (Joyce 1975; Carey 1986).

Although volcanism in the NVP has been referred to
as simple and short-lived, recent research indicates that
some centres are complex in nature, and can be classi-
fied as polymagmatic, featuring two or more magma
batches with complex evolutions, such as Mt Gambier,
Mt Rouse and the Red Rock (Alvie) volcanic complex
(Piganis 2011; Blaikie et al. 2011; van Otterloo 2012; Boyce
et al. 2013). Furthermore, Lake Purrumbete shows evi-
dence of polygenetic behaviour, having a volcanic hiatus
in the form of epiclastic volcanogenic deposits between
eruption products (Jordan et al. 2013). Quarrying and
drilling in The Bluff and Mt McIntyre areas of the Mt
Burr Range has revealed interbedded paleosols, which
also indicate a polygenetic character (Sheard 1990).

Origin of volcanism in the Newer
Volcanics Province

The source of volcanic activity in the NVP has been, and
continues to be, widely debated, with theories relating to
hotspot andmantle-plume activity, continental extension
and post-rift diapirism, reactivation of extensional
faults, lateral and vertical flow of warmmantle and edge-
driven convection.

Mantle plumes have been used to explain the origins
of volcanism in the NVP. There are theories that the
province is the most recent manifestation of the hotspot
trace of eastern Australia, which created the volcanic
provinces of the Great Dividing Range from Queensland
to Victoria as the Australian plate moved north over one
or more mantle plumes (e.g. Wellman & McDougall 1974;

Figure 1 Distribution of volcanic centres by type in the Newer Volcanics Province, south-eastern Australia, showing major
faults and Newer Volcanics outcrop.
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Wellman 1983; Duncan & McDougall 1989; Sutherland
1991; Matsumoto et al. 1997). However, the NVP lies to
the west of a projected line of volcanism (Price et al.
1997), and has an east–west orientation (Cas et al. 1993)
that differs from the NNE–SSW orientation of the Great
Dividing Range hotspot trace, the present-day position of
which is suggested to be beneath Bass Strait (e.g. Well-
man & McDougall 1974; Sutherland 2003; Kennett &
Abdullah 2011; Sutherland et al. 2012). Age dating in the
NVP has failed to identify any age progression (Gray &
McDougall 2009), coupled with the fact that it is the latest
appearance of volcanic activity in Victoria (Johnson
et al. 1989), with basaltic volcanism being almost contin-
uous throughout the Cenozoic (Price et al. 1997, 2003).
Sutherland (2003) used the concept of ‘boomerang’ volca-
nism to explain the western location of the NVP,
whereby plume activity follows a stepping motion and
diverges to the west, away from the trend of plate-motion
vectors, in order to create a large-volume volcanic field,
before swinging back to the east to create ‘pinches’
of small-volume fields; the resultant fields together
forming a boomerang shape. Other plume-related
models involve the mixing of melts derived from the
lithosphere and a mantle plume (McDonough et al. 1985)
or generation either by plume-related activity or within
the subcontinental lithosphere, with varying degrees
of crustal contamination en route to the surface
(McBride et al. 2001).

Continental extension related to the breakup of Gond-
wana and the opening of the Tasman Sea (the separation
of Australia and Antarctica was complete by 90 Ma) has
been cited as a possible mechanism for NVP volcanism
(Lister & Etheridge 1989; O’Reilly & Zhang 1995; Price
et al. 1997). Extension-induced lithospheric thinning and
uplift at the base of the lithosphere are thought to have
created a thermal instability, which was followed by the
release of mantle diapirs leading to lithospheric melting.
As the diapirs originate from depths of 200–400 km, they
will take 20–100 Ma to reach the mantle solidus, and this
is why volcanism is present so long after rifting has
ceased. However, southeast Australia is currently in a
NW–SE compressive stress regime (Hillis et al. 1995; San-
diford et al. 2004). Lesti et al. (2008) argued that active
tectonics influenced eruption of the NVP, with exten-
sional faults reactivated by the Tasman Fracture Zone
(TVZ), which transferred shear stresses from oceanic
crust to the continent, in turn deforming along zones of
weakness and provided pathways for magma ascent.

Finn et al. (2005) proposed that all Cenozoic alkaline
igneous rocks outcropping across the fragments of East
Gondwana and the adjacent oceanic lithosphere form a
diffuse alkaline magmatic province (DAMP) of low-
volume but long-lived magmatism. Magma is generated
by the lateral and vertical flow of warm Pacific mantle,
triggered by instabilities induced by detached and
sunken subducted slabs along the old Gondwana mar-
gins in the late Cretaceous. The warm mantle interacted
with metasomatised subcontinental lithosphere and
induced magmatism along zones of weakness.

The NVP measures �100 km N–S, despite Australia
having drifted north >300 km over the past ca 5 Ma (the
timespan of eruption for the NVP). There is also a lack of
extension and no spatial patterning in the province.

Edge-driven convection (Demidjuk et al. 2007;
Farrington et al. 2010) may help to explain these observa-
tions and rule out plume activity. In this model, steps in
lithospheric thickness are associated with thermal con-
trasts (e.g. King & Anderson 1998), which, alongside
shear forces generated by motion of the Indo-Australian
plate, produce secondary convection cells. Astheno-
spheric upwelling results in basaltic magmatism down-
stream, with a periodicity of in the order of 10 Ma.
Metasomatism is required for melting to occur, and
therefore the NVP reflects the distribution of fertile
mantle. Fishwick et al. (2008) confirm the presence of
lithospheric steps beneath Australia, thinning towards
the east. Rawlinson & Fishwick (2012) favour the edge-
driven convection model, but do not rule out narrow
plume activity. So, the great debate as to the source of
NVP volcanism continues.

METHODS

Geoscience Victoria supplied a list and Google Earth kml
file of 609 eruption points in Victoria (David Higgins,
pers. comm. 2011). These were correlated with eruption
points from Rosengren (1994), which incorporates 354
Victorian eruption centres from Singleton & Joyce
(1970). Google Earth was used to accurately plot the erup-
tion points, utilising the zoom, pan, tilt and vertical
exaggeration functions, alongside the Seamless Geology
250k 2010 Google Earth Overlay (Geoscience Victoria).
Data for each eruption point were then entered into a
spreadsheet, including information such as co-
ordinates, descriptors (see below), interpretations or
comments, the subprovince each eruption point belongs
to, alternative names, appropriate Geoscience Victoria
eruption point numbers and references.

Thirty-two volcanoes of the Macedon–Trentham
group were listed on a separate spreadsheet tab and not
used in the production of any maps, as they are not part
of the NVP. Additional and more accurately located indi-
vidual eruption points for some of the larger centres,
such as Mt Gambier, Mt Rouse, Mt Eccles, Red Rock vol-
canic complex, Mt Noorat and Lake Purrumbete, were
provided by Monash University PhD students and
researchers (see acknowledgements), and some centres
from relevant honours, masters and PhD theses. These,
however, do not affect the overall location of the eruption
centres. Numerous Honours and other theses at Monash,
Melbourne and LaTrobe universities may yet provide
further eruption points.

The spreadsheet was imported into ArcGIS and volca-
nic centres were overlain onto seamless geology (DPI
Seamless Geology DVD October 2011) to form a map. The
geomorphological boundary between the Central High-
lands and Western Plains subprovinces was redefined in
ArcGIS using older classifications and georeferenced
images (Joyce 1975; Wallace 1990) as a guide, alongside
NASA ASTER digital elevation models, seamless geology
and Google Earth terrain. Where possible, the boundary
was placed along edges of NVP basalt outcrop (as per
Wallace 1990). The finished shapefile was then exported
to kml for visualisation in Google Earth. Structures
were added to the map using georeferenced images as a
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>19 000 km2 (calculated in ArcGIS during this study
from DPI seamless geology October 2011 edition), which
is significantly larger than the traditionally used esti-
mate of 15 000 km2 (Ollier 1967), but lower than esti-mates
of 25 000 km2 (McDougall et al. 1966; van Otterloo 2012)
and 27 000 km2 (Cas & van Otterloo 2011). The NVP is the
youngest of three voluminous groups of Cenozoic volca-
nic activity (Joyce & Day 1989), which also include
the 95–19 Ma Older Volcanics (Day 1983) outcropping in
the eastern half of Victoria and the Otway Ranges to the
west, and the 7.0–4.6 Ma Macedon–Trentham group
northwest of Melbourne (Wellman 1974; Dasch & Millar
1977; Ewart et al. 1985). The Macedon–Trentham group is
not considered part of the NVP, as it is compositionally
distinct, resembling and possibly related to the central
volcanic complexes of New South Wales and Queensland
(Knutson & Nicholls 1989). This paper focuses on the
Newer Volcanics group.

The NVP is a monogenetic volcanic field (Ollier &
Joyce 1964; Joyce 1975) composed of the products of
short-lived basaltic volcanoes in the form of scoria cones,
lava shields, maars and composite centres. It has been
subdivided into the Central Highlands, Western Plains
and Mt Gambier subprovinces from east to west based
on geomorphology (Joyce 1975; Nicholls & Joyce 1989).
The Central Highlands cover the dissected uplands of
Paleozoic metasediments and granites northwest of
Melbourne (Nicholls & Joyce 1989; Price et al. 2003), the
Western Plains fill the pre-existing subdued topography
of the Otway Basin, and the Mt Gambier subprovince
lies over the Gambier Embayment sediments, meta-
sediments of the Delamerian Orogeny and Otway Basin
sediments (van Otterloo & Cas 2011). The southern edge

of the NVP is marked by the Colac Lineament and is con-
trolled by faulting (Joyce 1975; Carey 1986).

Although volcanism in the NVP has been referred to
as simple and short-lived, recent research indicates that
some centres are complex in nature, and can be classi-
fied as polymagmatic, featuring two or more magma
batches with complex evolutions, such as Mt Gambier,
Mt Rouse and the Red Rock (Alvie) volcanic complex
(Piganis 2011; Blaikie et al. 2011; van Otterloo 2012; Boyce
et al. 2013). Furthermore, Lake Purrumbete shows evi-
dence of polygenetic behaviour, having a volcanic hiatus
in the form of epiclastic volcanogenic deposits between
eruption products (Jordan et al. 2013). Quarrying and
drilling in The Bluff and Mt McIntyre areas of the Mt
Burr Range has revealed interbedded paleosols, which
also indicate a polygenetic character (Sheard 1990).

Origin of volcanism in the Newer
Volcanics Province

The source of volcanic activity in the NVP has been, and
continues to be, widely debated, with theories relating to
hotspot andmantle-plume activity, continental extension
and post-rift diapirism, reactivation of extensional
faults, lateral and vertical flow of warmmantle and edge-
driven convection.

Mantle plumes have been used to explain the origins
of volcanism in the NVP. There are theories that the
province is the most recent manifestation of the hotspot
trace of eastern Australia, which created the volcanic
provinces of the Great Dividing Range from Queensland
to Victoria as the Australian plate moved north over one
or more mantle plumes (e.g. Wellman & McDougall 1974;

Figure 1 Distribution of volcanic centres by type in the Newer Volcanics Province, south-eastern Australia, showing major
faults and Newer Volcanics outcrop.
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Wellman 1983; Duncan & McDougall 1989; Sutherland
1991; Matsumoto et al. 1997). However, the NVP lies to
the west of a projected line of volcanism (Price et al.
1997), and has an east–west orientation (Cas et al. 1993)
that differs from the NNE–SSW orientation of the Great
Dividing Range hotspot trace, the present-day position of
which is suggested to be beneath Bass Strait (e.g. Well-
man & McDougall 1974; Sutherland 2003; Kennett &
Abdullah 2011; Sutherland et al. 2012). Age dating in the
NVP has failed to identify any age progression (Gray &
McDougall 2009), coupled with the fact that it is the latest
appearance of volcanic activity in Victoria (Johnson
et al. 1989), with basaltic volcanism being almost contin-
uous throughout the Cenozoic (Price et al. 1997, 2003).
Sutherland (2003) used the concept of ‘boomerang’ volca-
nism to explain the western location of the NVP,
whereby plume activity follows a stepping motion and
diverges to the west, away from the trend of plate-motion
vectors, in order to create a large-volume volcanic field,
before swinging back to the east to create ‘pinches’
of small-volume fields; the resultant fields together
forming a boomerang shape. Other plume-related
models involve the mixing of melts derived from the
lithosphere and a mantle plume (McDonough et al. 1985)
or generation either by plume-related activity or within
the subcontinental lithosphere, with varying degrees
of crustal contamination en route to the surface
(McBride et al. 2001).

Continental extension related to the breakup of Gond-
wana and the opening of the Tasman Sea (the separation
of Australia and Antarctica was complete by 90 Ma) has
been cited as a possible mechanism for NVP volcanism
(Lister & Etheridge 1989; O’Reilly & Zhang 1995; Price
et al. 1997). Extension-induced lithospheric thinning and
uplift at the base of the lithosphere are thought to have
created a thermal instability, which was followed by the
release of mantle diapirs leading to lithospheric melting.
As the diapirs originate from depths of 200–400 km, they
will take 20–100 Ma to reach the mantle solidus, and this
is why volcanism is present so long after rifting has
ceased. However, southeast Australia is currently in a
NW–SE compressive stress regime (Hillis et al. 1995; San-
diford et al. 2004). Lesti et al. (2008) argued that active
tectonics influenced eruption of the NVP, with exten-
sional faults reactivated by the Tasman Fracture Zone
(TVZ), which transferred shear stresses from oceanic
crust to the continent, in turn deforming along zones of
weakness and provided pathways for magma ascent.

Finn et al. (2005) proposed that all Cenozoic alkaline
igneous rocks outcropping across the fragments of East
Gondwana and the adjacent oceanic lithosphere form a
diffuse alkaline magmatic province (DAMP) of low-
volume but long-lived magmatism. Magma is generated
by the lateral and vertical flow of warm Pacific mantle,
triggered by instabilities induced by detached and
sunken subducted slabs along the old Gondwana mar-
gins in the late Cretaceous. The warm mantle interacted
with metasomatised subcontinental lithosphere and
induced magmatism along zones of weakness.

The NVP measures �100 km N–S, despite Australia
having drifted north >300 km over the past ca 5 Ma (the
timespan of eruption for the NVP). There is also a lack of
extension and no spatial patterning in the province.

Edge-driven convection (Demidjuk et al. 2007;
Farrington et al. 2010) may help to explain these observa-
tions and rule out plume activity. In this model, steps in
lithospheric thickness are associated with thermal con-
trasts (e.g. King & Anderson 1998), which, alongside
shear forces generated by motion of the Indo-Australian
plate, produce secondary convection cells. Astheno-
spheric upwelling results in basaltic magmatism down-
stream, with a periodicity of in the order of 10 Ma.
Metasomatism is required for melting to occur, and
therefore the NVP reflects the distribution of fertile
mantle. Fishwick et al. (2008) confirm the presence of
lithospheric steps beneath Australia, thinning towards
the east. Rawlinson & Fishwick (2012) favour the edge-
driven convection model, but do not rule out narrow
plume activity. So, the great debate as to the source of
NVP volcanism continues.

METHODS

Geoscience Victoria supplied a list and Google Earth kml
file of 609 eruption points in Victoria (David Higgins,
pers. comm. 2011). These were correlated with eruption
points from Rosengren (1994), which incorporates 354
Victorian eruption centres from Singleton & Joyce
(1970). Google Earth was used to accurately plot the erup-
tion points, utilising the zoom, pan, tilt and vertical
exaggeration functions, alongside the Seamless Geology
250k 2010 Google Earth Overlay (Geoscience Victoria).
Data for each eruption point were then entered into a
spreadsheet, including information such as co-
ordinates, descriptors (see below), interpretations or
comments, the subprovince each eruption point belongs
to, alternative names, appropriate Geoscience Victoria
eruption point numbers and references.

Thirty-two volcanoes of the Macedon–Trentham
group were listed on a separate spreadsheet tab and not
used in the production of any maps, as they are not part
of the NVP. Additional and more accurately located indi-
vidual eruption points for some of the larger centres,
such as Mt Gambier, Mt Rouse, Mt Eccles, Red Rock vol-
canic complex, Mt Noorat and Lake Purrumbete, were
provided by Monash University PhD students and
researchers (see acknowledgements), and some centres
from relevant honours, masters and PhD theses. These,
however, do not affect the overall location of the eruption
centres. Numerous Honours and other theses at Monash,
Melbourne and LaTrobe universities may yet provide
further eruption points.

The spreadsheet was imported into ArcGIS and volca-
nic centres were overlain onto seamless geology (DPI
Seamless Geology DVD October 2011) to form a map. The
geomorphological boundary between the Central High-
lands and Western Plains subprovinces was redefined in
ArcGIS using older classifications and georeferenced
images (Joyce 1975; Wallace 1990) as a guide, alongside
NASA ASTER digital elevation models, seamless geology
and Google Earth terrain. Where possible, the boundary
was placed along edges of NVP basalt outcrop (as per
Wallace 1990). The finished shapefile was then exported
to kml for visualisation in Google Earth. Structures
were added to the map using georeferenced images as a
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guide for Victoria (Simons & Moore 1999; VandenBerg
et al. 2000), and the South Australia GIS Dataset (October
2007).

The area of the NVP and its subprovinces was calcu-
lated in ArcGIS by splitting the polygons associated with
NVP outcrop along the boundary between the Central
Highlands and Western Plains subprovinces, using
seamless geology (DPI Seamless Geology DVD October
2011). The area of the Mt Gambier subprovince was cal-
culated using the South Australia State GIS Dataset
(October 2007).

All eruption points were saved in Google Earth as a
kml file, in which they were placed in folders according
to subprovince, and subfolders according to deposit type.
Additional folders for central co-ordinates of complex
eruption points were added. Kml files allow features like
coordinates and their associated place marks to be dis-
played on geospatial software such as Google Earth, Goo-
gle Maps and ArcGIS.

The spreadsheet, kml file and ArcGIS layers are avail-
able to download from the VHUB NVP Group (<https://
vhub.org/groups/nvp>). Additionally, the general public
is able to access the kml file from the Penshurst Volca-
noes Discovery Centre website (<http://www.penshurst-
volcano.org.au>).

Classification of eruption points of the Newer
Volcanics Province

Eruption centres of the NVP have previously been classi-
fied from their geomorphological variations, using dom-
inant eruption type and products (e.g. Edwards 1938;
Coulson 1954; Ollier & Joyce 1964; Ollier 1967; Singleton
& Joyce 1970; Rosengren 1994). Rosengren (1994)

recognised three categories further subdivided into
type—effusive (lavas), explosive (scoria, maars) and mis-
cellaneous (composite lava/scoria eruptions, tuff
mounds, mamelons). A new approach was used in this
study, whereby eruption centres were described as either
simple or complex, using further subdivision under
these categories. One eruption centre may have varying
numbers of eruption points of different character. Cen-
tral co-ordinates were assigned to each volcanic centre
in the spreadsheet, to which individual eruption points
were then assigned numbers in ascending order and a
main deposit descriptor (mainly scoria, mainly lava,
maar, ash cone/dome, spatter or unknown). The volcanic
centre was then assigned an overall descriptor based on
the amalgamation of its eruption point data. Simple vol-
canoes feature very few known eruption points and
these are dominantly of one form, with simple morpholo-
gies. They are described as scoria cones, lava shields,
maars, ash cones/domes and unknown eruption types.
Complex volcanoes feature multiple eruption points,
with intricate morphologies. They are described as mag-
matic, maar or maar–cone volcanic complexes. These
definitions will now be explored in more detail, with rel-
evant examples of NVP volcanoes, the locations of which
may be found in Figure 2.

SIMPLE VOLCANIC CENTRES

Lava shields form from the gradual buildup of fluidal
lava flows and welded spatter around a central vent.
Lava can flow many kilometres, evidenced by the exten-
sive Western Plains lava fields. Many of the lava shields
in the NVP are very low in nature and difficult to see in
aerial photographs. They can therefore be easily

Figure 2 Locations of example volcanoes in the Newer Volcanics Province.
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mistaken for parts of lava flows, but are very broad and
may be associated with substantial lava flows, e.g. Mt
Hydewell. A good example of a lava shield is Mt Pierre-
point, Hamilton (Figure 2, 3a). The volcano features at
least two individual flows (Bennetts et al. 2003), with an
ill-defined crater featuring a rim of basalt along the west-
ern half, and lava flows of >1 km in length. Mt Pierre-
point is among the oldest volcanoes of the NVP, dated by
K–Ar to 3.9 � 0.1 Ma (McDougall et al. 1966), and is
severely weathered.

Scoria cones form by the gradual, near-vent accumu-
lation of pyroclastic material in the form of lapilli,
bombs and minor ash. Many scoria cones in the NVP are
composite in nature, associated with late-stage lava flows
as the magma became gas-poor. Mt Elephant, at Derrinal-
lum, is a good example of a scoria cone (Figure 2, 3b). The
cone rises 215 m above the surrounding lava plains, and
comprises a 90 m-deep crater, breached to the northeast
(Birch 1994). Deposits are purely magmatic in the form
of scoria, blocks and bombs, deposited during fire-
fountaining eruptions (Rosengren 1994). Some of the
NVP scoria cones feature two or three eruption points,
for example Saddleback Hill in the Learmonth region of
the Central Highlands subprovince. These are not
classified as complex eruptions as they are not

morphologically complex. However, future detailed
examination may reveal some of these centres to be
more complex than previously assumed.

Maars are the product of phreatomagmatic eruptions,
as opposed to lava shields and scoria cones, which are
the products of magmatic eruptions. Phreatomagmatic
eruptions are a result of the interaction between rising
magma and ground/surface waters. The result is a bowl-
shaped crater with a low rim of fine-grained ejecta, rich
in country rock fragments. There are relatively few sim-
ple maars in the NVP, as most phreatomagmatic volca-
nism tends to occur either in combination with
magmatic eruptions, resulting in maar–cone volcanic
complexes, or as multiple coalescing phreatomagmatic
eruptions resulting in maar volcanic complexes. Four-
teen simple maars are documented in the NVP, of which
Ecklin Swamp is a fine example (Figures 2, 3c). Located
14 km south of Terang in the Western Plains subpro-
vince, the maar features an elongate tuff ring approxi-
mately 1 km � 0.75 km composed of finely fragmented
tuff and ejected country rock from the underlying
Gellibrand Marl (Rosengren 1994).

Several ash cones and domes were reported in the Mt
Burr volcanic group (Sheard 1990). These are also phrea-
tomagmatic in origin, but feature steeper dipping ejecta

Figure 3 Simple volcanic centres of the Newer Volcanics Province. (a) Mt Pierrepoint lava shield. (b) Mt Elephant scoria cone.
(c) Ecklin Swampmaar. (d) Boyce Hill ash cone. (e) GeoVIC 446 unknown eruption type.

A new classification scheme and distribution map for eruption centres 453

D
ow

nl
oa

de
d 

by
 [J

ul
ie

 B
oy

ce
] a

t 1
6:

38
 2

5 
Ju

ly
 2

01
3 

Chapter 2



73

Chapter 2TAJE_A_806954.3d (TAJE) 12-07-2013 13:18

guide for Victoria (Simons & Moore 1999; VandenBerg
et al. 2000), and the South Australia GIS Dataset (October
2007).

The area of the NVP and its subprovinces was calcu-
lated in ArcGIS by splitting the polygons associated with
NVP outcrop along the boundary between the Central
Highlands and Western Plains subprovinces, using
seamless geology (DPI Seamless Geology DVD October
2011). The area of the Mt Gambier subprovince was cal-
culated using the South Australia State GIS Dataset
(October 2007).

All eruption points were saved in Google Earth as a
kml file, in which they were placed in folders according
to subprovince, and subfolders according to deposit type.
Additional folders for central co-ordinates of complex
eruption points were added. Kml files allow features like
coordinates and their associated place marks to be dis-
played on geospatial software such as Google Earth, Goo-
gle Maps and ArcGIS.

The spreadsheet, kml file and ArcGIS layers are avail-
able to download from the VHUB NVP Group (<https://
vhub.org/groups/nvp>). Additionally, the general public
is able to access the kml file from the Penshurst Volca-
noes Discovery Centre website (<http://www.penshurst-
volcano.org.au>).

Classification of eruption points of the Newer
Volcanics Province

Eruption centres of the NVP have previously been classi-
fied from their geomorphological variations, using dom-
inant eruption type and products (e.g. Edwards 1938;
Coulson 1954; Ollier & Joyce 1964; Ollier 1967; Singleton
& Joyce 1970; Rosengren 1994). Rosengren (1994)

recognised three categories further subdivided into
type—effusive (lavas), explosive (scoria, maars) and mis-
cellaneous (composite lava/scoria eruptions, tuff
mounds, mamelons). A new approach was used in this
study, whereby eruption centres were described as either
simple or complex, using further subdivision under
these categories. One eruption centre may have varying
numbers of eruption points of different character. Cen-
tral co-ordinates were assigned to each volcanic centre
in the spreadsheet, to which individual eruption points
were then assigned numbers in ascending order and a
main deposit descriptor (mainly scoria, mainly lava,
maar, ash cone/dome, spatter or unknown). The volcanic
centre was then assigned an overall descriptor based on
the amalgamation of its eruption point data. Simple vol-
canoes feature very few known eruption points and
these are dominantly of one form, with simple morpholo-
gies. They are described as scoria cones, lava shields,
maars, ash cones/domes and unknown eruption types.
Complex volcanoes feature multiple eruption points,
with intricate morphologies. They are described as mag-
matic, maar or maar–cone volcanic complexes. These
definitions will now be explored in more detail, with rel-
evant examples of NVP volcanoes, the locations of which
may be found in Figure 2.

SIMPLE VOLCANIC CENTRES

Lava shields form from the gradual buildup of fluidal
lava flows and welded spatter around a central vent.
Lava can flow many kilometres, evidenced by the exten-
sive Western Plains lava fields. Many of the lava shields
in the NVP are very low in nature and difficult to see in
aerial photographs. They can therefore be easily

Figure 2 Locations of example volcanoes in the Newer Volcanics Province.

452 J. Boyce

D
ow

nl
oa

de
d 

by
 [J

ul
ie

 B
oy

ce
] a

t 1
6:

38
 2

5 
Ju

ly
 2

01
3 

TAJE_A_806954.3d (TAJE) 12-07-2013 13:18

mistaken for parts of lava flows, but are very broad and
may be associated with substantial lava flows, e.g. Mt
Hydewell. A good example of a lava shield is Mt Pierre-
point, Hamilton (Figure 2, 3a). The volcano features at
least two individual flows (Bennetts et al. 2003), with an
ill-defined crater featuring a rim of basalt along the west-
ern half, and lava flows of >1 km in length. Mt Pierre-
point is among the oldest volcanoes of the NVP, dated by
K–Ar to 3.9 � 0.1 Ma (McDougall et al. 1966), and is
severely weathered.

Scoria cones form by the gradual, near-vent accumu-
lation of pyroclastic material in the form of lapilli,
bombs and minor ash. Many scoria cones in the NVP are
composite in nature, associated with late-stage lava flows
as the magma became gas-poor. Mt Elephant, at Derrinal-
lum, is a good example of a scoria cone (Figure 2, 3b). The
cone rises 215 m above the surrounding lava plains, and
comprises a 90 m-deep crater, breached to the northeast
(Birch 1994). Deposits are purely magmatic in the form
of scoria, blocks and bombs, deposited during fire-
fountaining eruptions (Rosengren 1994). Some of the
NVP scoria cones feature two or three eruption points,
for example Saddleback Hill in the Learmonth region of
the Central Highlands subprovince. These are not
classified as complex eruptions as they are not

morphologically complex. However, future detailed
examination may reveal some of these centres to be
more complex than previously assumed.

Maars are the product of phreatomagmatic eruptions,
as opposed to lava shields and scoria cones, which are
the products of magmatic eruptions. Phreatomagmatic
eruptions are a result of the interaction between rising
magma and ground/surface waters. The result is a bowl-
shaped crater with a low rim of fine-grained ejecta, rich
in country rock fragments. There are relatively few sim-
ple maars in the NVP, as most phreatomagmatic volca-
nism tends to occur either in combination with
magmatic eruptions, resulting in maar–cone volcanic
complexes, or as multiple coalescing phreatomagmatic
eruptions resulting in maar volcanic complexes. Four-
teen simple maars are documented in the NVP, of which
Ecklin Swamp is a fine example (Figures 2, 3c). Located
14 km south of Terang in the Western Plains subpro-
vince, the maar features an elongate tuff ring approxi-
mately 1 km � 0.75 km composed of finely fragmented
tuff and ejected country rock from the underlying
Gellibrand Marl (Rosengren 1994).

Several ash cones and domes were reported in the Mt
Burr volcanic group (Sheard 1990). These are also phrea-
tomagmatic in origin, but feature steeper dipping ejecta

Figure 3 Simple volcanic centres of the Newer Volcanics Province. (a) Mt Pierrepoint lava shield. (b) Mt Elephant scoria cone.
(c) Ecklin Swampmaar. (d) Boyce Hill ash cone. (e) GeoVIC 446 unknown eruption type.
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and craters that are above the ground surface. Boyce Hill
(Figures 2, 3d) is an ash cone located at the southeastern
edge of Mt McIntyre in the Mount Burr Range. Rising
69 m above the surrounding plains and composed of
lapilli and agglomerate, the eruption centre is associated
with a basement-high fault, which also runs through sev-
eral other volcanic centres (Sheard 1990).

The NVP features many eruption points of an
unknown character. No associated literature could be
found describing them, and all need to be ground-
truthed. In most cases, seamless geology associates these
eruption points with lava, but some are located near
clusters of scoria cones, and could be scoria cones them-
selves. It was therefore deemed more suitable to plot
them as unknown eruption types rather than as lava
eruptions.

The majority of these unknown eruption points are
unnamed volcanic centres defined either in the Rose-
ngren (1994) report, by Geoscience Victoria or by the
MONVOLC research group (Monash University Volca-
nology, either by the author or Jackson van den Hove).
These centres should all be ground-truthed before
assigning descriptors, as the vast majority were assigned
by Geoscience Victoria, based on the assumption that
every high point in the DEM was an eruption point
(VandenBerg, pers. comm. 2012). This assumption is not
necessarily true, as ground-truthing in the Hamilton
area by the author has recently suggested.

A few unknown eruption points are associated with
complex volcanic centres, namely four points at Madden

Hill (which has been deemed a magmatic volcanic com-
plex, as none of the unknown eruption points are likely
to be phreatomagmatic in origin) and two points at Mt
Napier, both of which form craters that are magmatic in
origin, but are not defined as either scoriaceous or lava
eruptions (Gill & Elmore 1974).

An example of an unknown eruption point is GeoVIC
446 (Figures 2, 3e). Located near Ullina in the Central
Highlands subprovince, this obvious eruption point is
situated between several scoria cones such as Kelly Hill
(Glengower) and Stewart Hill to the north and northeast,
Clover Hill maar–cone volcanic complex to the south,
and the Leishman Hill magmatic volcanic complex to
the west. Low in profile and approximately 40 m high
with a gently sloping base of almost 0.8 km, this eruption
point could either be a small lava shield or a scoria
dome.

COMPLEX VOLCANIC CENTRES

Magmatic volcanic complexes feature a combination of
lava shields, scoria cones and/or spatter cones, all of
which are magmatic in origin. These are found scattered
across the Western Plains and Central Highlands. Mt
Rouse at Penshurst in the Western Plains is an excellent
example of a magmatic volcanic complex (Figure 2, 4a).
Mt Rouse is the largest eruption centre in the NVP, fea-
turing eight magmatic eruption points of scoria, lava
and spatter. Dated to 0.3 Ma � 0.01 (Matchan & Phillips
2011), the lava flows cover an area of >511 km2 (Boyce

Figure 4 Complex volcanic centres of the Newer Volcanics Province. (a) Mt Rouse magmatic volcanic complex. (b) Lake
Purrumbete maar volcanic complex. (c) Mt Gambier maar–cone volcanic complex, Valley Lake.

454 J. Boyce

D
ow

nl
oa

de
d 

by
 [J

ul
ie

 B
oy

ce
] a

t 1
6:

38
 2

5 
Ju

ly
 2

01
3 

TAJE_A_806954.3d (TAJE) 12-07-2013 13:18

et al. 2012), extending 60 km to the coast at Port Fairy
(Sutalo 1996) and are composed of one magma batch
(Elias 1973; Whitehead 1986, 1991; Sutalo 1996; Sutalo &
Joyce 2004; Boyce 2011; Boyce et al. 2013). Detailed strati-
graphic analysis of the scoria cones revealed a further
two magma batches (Boyce et al. 2013). The nature of the
stratigraphy points to a complex system of propagating
dykes beneath the Mt Rouse complex, leading to the
sequential eruption of three magma batches, then simul-
taneous eruption of two more (Boyce et al. 2013).

Maar volcanic complexes feature dominantly phrea-
tomagmatic eruption products. At present, there are
only four such complexes in the NVP, as many phreato-
magmatic eruptions are also associated with cone-
forming magmatic activity. Lake Purrumbete, near
Camperdown in the Western Plains subprovince, is the
best example of such a complex (Figures 2, 4b) and is one
of the largest maar volcanoes both in the NVP and world-
wide. Recent research (Jordan et al. 2013) shows that
magma propagation was influenced by a NW–SE Meso-
zoic fault intersecting with a N–S Paleozoic structure.
Jordan et al. (2013) suggest that the 3 km-diameter lake
formed over three main stages, by the coalescence of at
least three shallow maar craters, and including multiple
vent migration events, re-opening of former vents and
simultaneous activity of two vents. The eruption was
dominantly phreatomagmatic, but featured a significant
magmatic influence during the opening stages of erup-
tion to produce surge-modified fallout deposits. Towards
the end of the eruption, there was a small-volume pyro-
clastic flow, possibly the result of vent clearing. Lake
Purrumbete again challenges the accepted view that
NVP volcanoes are all monogenetic, as there was a sig-
nificant volcanic hiatus between the second and third
eruption stages, during which a crater lake formed.

Maar–cone volcanic complexes feature a combination
of magmatic and phreatomagmatic eruption products, in
the form of maars, scoria cones and/or lava flows and
spatter cones. There are 20 such complexes in the NVP,
outcropping in all subprovinces, but mainly in the
Camperdown region of the Western Plains, owing to the
interaction of the magma with the underlying aquifers
of the Otway Basin (see Discussion). Mt Gambier is one
such example (Figures 2, 4c). Located in southeast South
Australia in the Mt Gambier subprovince, the complex
is the youngest volcano in the NVP, dated to ca 5000 BP
(Blackburn 1966; Barbetti & Sheard 1981; Blackburn
et al. 1982; Robertson et al. 1996). Mt Gambier is
extremely complex and erupted over 13 stages to produce
>14 eruption points aligned parallel to the Tartwaup
Fault System (van Otterloo & Cas 2011; van Otterloo

2012) along WNW–ESE-trending lineaments (Wopfner &
Thornton 1971; van Otterloo & Cas 2011; van Otterloo
2012). Eruption styles at the complex randomly alter-
nated between magmatic and phreatomagmatic to create
maars, scoria and spatter cones, tuff cones, lavas and
pyroclastic flows. The products of Mt Gambier were the
result of two simultaneously erupting, mantle-derived
magma batches, giving the complex a polymagmatic
character (van Otterloo & Cas 2011; van Otterloo 2012).

RESULTS AND DISCUSSION

Based on these new data, the Newer Volcanics Province
is composed of >704 known eruption points from >416
volcanic centres, the products of which cover an area of
>19 000 km2 (Figure 1; Tables 1, 2). These are minimum
estimates, owing to the nature of the survey. It is likely
that additional eruption points will be added to these
totals, as more in-depth research is undertaken at the
more complex volcanic centres. NVP area was calculated
from the latest seamless geology and does not take into
account overlying deposits such as alluvium, duricrust,
lake and swamp deposits, sands (especially in the Mt
Gambier subprovince), or areas where lavas flowed
beyond the present-day coastline, which is beyond the
scope of this project. The area covered is therefore an
underestimation and is likely to be closer to earlier esti-
mates of 25 000–27 000 km2 (McDougall et al. 1966, Cas &
van Otterloo 2011; van Otterloo 2012).

Table 1 gives statistics for NVP eruption centres
based on subprovince and volcano type. There are a total
of 49 complex volcanoes and 367 simple volcanoes across
the NVP. It is clear from these data that almost half of
the eruption points of the NVP are associated with com-
plex volcanism.

In addition to the 704 eruption points defined, 81
points were plotted in a separate spreadsheet. These are
made up of 54 single Geoscience Victoria points and 27 of
the Singleton & Joyce (1970)/Rosengren (1994) points (of
which 13 are also associated with additional Geoscience
Victoria points to those aforementioned). Reasons for
separation include positioning of some points in granite,
sandstone or ignimbrite outcrops according to seamless
geology (and with features looking dissimilar to general
NVP landmarks); erosional features being mistaken for
eruption points, for example adjacent to rivers; and
some points being located in flat terrain with no evi-
dence of eruption on aerial imagery, DEM, magnetics or
radiometrics. For example, three eruption points occur
in the Willimigongong Ignimbrite of Devonian age at

Table 1 Volcanic centres of the Newer Volcanics Province, Victoria, classified by subprovince and type of volcanic centre, with totals
indicated in italics.

Simple volcanoes Complex volcanoes

TotalScoria cones Lava shields Maars Ash cones/domes Unknown Magmatic Maar Maar-cone

Central Highlands 89 101 3 0 17 12 0 2 224
Western Plains 28 92 10 0 14 10 4 17 175
Mt Gambier 6 1 1 5 0 0 1 3 17
Total 123 194 14 5 31 22 7 20 416
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and craters that are above the ground surface. Boyce Hill
(Figures 2, 3d) is an ash cone located at the southeastern
edge of Mt McIntyre in the Mount Burr Range. Rising
69 m above the surrounding plains and composed of
lapilli and agglomerate, the eruption centre is associated
with a basement-high fault, which also runs through sev-
eral other volcanic centres (Sheard 1990).

The NVP features many eruption points of an
unknown character. No associated literature could be
found describing them, and all need to be ground-
truthed. In most cases, seamless geology associates these
eruption points with lava, but some are located near
clusters of scoria cones, and could be scoria cones them-
selves. It was therefore deemed more suitable to plot
them as unknown eruption types rather than as lava
eruptions.

The majority of these unknown eruption points are
unnamed volcanic centres defined either in the Rose-
ngren (1994) report, by Geoscience Victoria or by the
MONVOLC research group (Monash University Volca-
nology, either by the author or Jackson van den Hove).
These centres should all be ground-truthed before
assigning descriptors, as the vast majority were assigned
by Geoscience Victoria, based on the assumption that
every high point in the DEM was an eruption point
(VandenBerg, pers. comm. 2012). This assumption is not
necessarily true, as ground-truthing in the Hamilton
area by the author has recently suggested.

A few unknown eruption points are associated with
complex volcanic centres, namely four points at Madden

Hill (which has been deemed a magmatic volcanic com-
plex, as none of the unknown eruption points are likely
to be phreatomagmatic in origin) and two points at Mt
Napier, both of which form craters that are magmatic in
origin, but are not defined as either scoriaceous or lava
eruptions (Gill & Elmore 1974).

An example of an unknown eruption point is GeoVIC
446 (Figures 2, 3e). Located near Ullina in the Central
Highlands subprovince, this obvious eruption point is
situated between several scoria cones such as Kelly Hill
(Glengower) and Stewart Hill to the north and northeast,
Clover Hill maar–cone volcanic complex to the south,
and the Leishman Hill magmatic volcanic complex to
the west. Low in profile and approximately 40 m high
with a gently sloping base of almost 0.8 km, this eruption
point could either be a small lava shield or a scoria
dome.

COMPLEX VOLCANIC CENTRES

Magmatic volcanic complexes feature a combination of
lava shields, scoria cones and/or spatter cones, all of
which are magmatic in origin. These are found scattered
across the Western Plains and Central Highlands. Mt
Rouse at Penshurst in the Western Plains is an excellent
example of a magmatic volcanic complex (Figure 2, 4a).
Mt Rouse is the largest eruption centre in the NVP, fea-
turing eight magmatic eruption points of scoria, lava
and spatter. Dated to 0.3 Ma � 0.01 (Matchan & Phillips
2011), the lava flows cover an area of >511 km2 (Boyce

Figure 4 Complex volcanic centres of the Newer Volcanics Province. (a) Mt Rouse magmatic volcanic complex. (b) Lake
Purrumbete maar volcanic complex. (c) Mt Gambier maar–cone volcanic complex, Valley Lake.
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et al. 2012), extending 60 km to the coast at Port Fairy
(Sutalo 1996) and are composed of one magma batch
(Elias 1973; Whitehead 1986, 1991; Sutalo 1996; Sutalo &
Joyce 2004; Boyce 2011; Boyce et al. 2013). Detailed strati-
graphic analysis of the scoria cones revealed a further
two magma batches (Boyce et al. 2013). The nature of the
stratigraphy points to a complex system of propagating
dykes beneath the Mt Rouse complex, leading to the
sequential eruption of three magma batches, then simul-
taneous eruption of two more (Boyce et al. 2013).

Maar volcanic complexes feature dominantly phrea-
tomagmatic eruption products. At present, there are
only four such complexes in the NVP, as many phreato-
magmatic eruptions are also associated with cone-
forming magmatic activity. Lake Purrumbete, near
Camperdown in the Western Plains subprovince, is the
best example of such a complex (Figures 2, 4b) and is one
of the largest maar volcanoes both in the NVP and world-
wide. Recent research (Jordan et al. 2013) shows that
magma propagation was influenced by a NW–SE Meso-
zoic fault intersecting with a N–S Paleozoic structure.
Jordan et al. (2013) suggest that the 3 km-diameter lake
formed over three main stages, by the coalescence of at
least three shallow maar craters, and including multiple
vent migration events, re-opening of former vents and
simultaneous activity of two vents. The eruption was
dominantly phreatomagmatic, but featured a significant
magmatic influence during the opening stages of erup-
tion to produce surge-modified fallout deposits. Towards
the end of the eruption, there was a small-volume pyro-
clastic flow, possibly the result of vent clearing. Lake
Purrumbete again challenges the accepted view that
NVP volcanoes are all monogenetic, as there was a sig-
nificant volcanic hiatus between the second and third
eruption stages, during which a crater lake formed.

Maar–cone volcanic complexes feature a combination
of magmatic and phreatomagmatic eruption products, in
the form of maars, scoria cones and/or lava flows and
spatter cones. There are 20 such complexes in the NVP,
outcropping in all subprovinces, but mainly in the
Camperdown region of the Western Plains, owing to the
interaction of the magma with the underlying aquifers
of the Otway Basin (see Discussion). Mt Gambier is one
such example (Figures 2, 4c). Located in southeast South
Australia in the Mt Gambier subprovince, the complex
is the youngest volcano in the NVP, dated to ca 5000 BP
(Blackburn 1966; Barbetti & Sheard 1981; Blackburn
et al. 1982; Robertson et al. 1996). Mt Gambier is
extremely complex and erupted over 13 stages to produce
>14 eruption points aligned parallel to the Tartwaup
Fault System (van Otterloo & Cas 2011; van Otterloo

2012) along WNW–ESE-trending lineaments (Wopfner &
Thornton 1971; van Otterloo & Cas 2011; van Otterloo
2012). Eruption styles at the complex randomly alter-
nated between magmatic and phreatomagmatic to create
maars, scoria and spatter cones, tuff cones, lavas and
pyroclastic flows. The products of Mt Gambier were the
result of two simultaneously erupting, mantle-derived
magma batches, giving the complex a polymagmatic
character (van Otterloo & Cas 2011; van Otterloo 2012).

RESULTS AND DISCUSSION

Based on these new data, the Newer Volcanics Province
is composed of >704 known eruption points from >416
volcanic centres, the products of which cover an area of
>19 000 km2 (Figure 1; Tables 1, 2). These are minimum
estimates, owing to the nature of the survey. It is likely
that additional eruption points will be added to these
totals, as more in-depth research is undertaken at the
more complex volcanic centres. NVP area was calculated
from the latest seamless geology and does not take into
account overlying deposits such as alluvium, duricrust,
lake and swamp deposits, sands (especially in the Mt
Gambier subprovince), or areas where lavas flowed
beyond the present-day coastline, which is beyond the
scope of this project. The area covered is therefore an
underestimation and is likely to be closer to earlier esti-
mates of 25 000–27 000 km2 (McDougall et al. 1966, Cas &
van Otterloo 2011; van Otterloo 2012).

Table 1 gives statistics for NVP eruption centres
based on subprovince and volcano type. There are a total
of 49 complex volcanoes and 367 simple volcanoes across
the NVP. It is clear from these data that almost half of
the eruption points of the NVP are associated with com-
plex volcanism.

In addition to the 704 eruption points defined, 81
points were plotted in a separate spreadsheet. These are
made up of 54 single Geoscience Victoria points and 27 of
the Singleton & Joyce (1970)/Rosengren (1994) points (of
which 13 are also associated with additional Geoscience
Victoria points to those aforementioned). Reasons for
separation include positioning of some points in granite,
sandstone or ignimbrite outcrops according to seamless
geology (and with features looking dissimilar to general
NVP landmarks); erosional features being mistaken for
eruption points, for example adjacent to rivers; and
some points being located in flat terrain with no evi-
dence of eruption on aerial imagery, DEM, magnetics or
radiometrics. For example, three eruption points occur
in the Willimigongong Ignimbrite of Devonian age at

Table 1 Volcanic centres of the Newer Volcanics Province, Victoria, classified by subprovince and type of volcanic centre, with totals
indicated in italics.

Simple volcanoes Complex volcanoes

TotalScoria cones Lava shields Maars Ash cones/domes Unknown Magmatic Maar Maar-cone

Central Highlands 89 101 3 0 17 12 0 2 224
Western Plains 28 92 10 0 14 10 4 17 175
Mt Gambier 6 1 1 5 0 0 1 3 17
Total 123 194 14 5 31 22 7 20 416
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Mt Macedon, none of which can be found in other NVP
literature, and the areas the points are located in are dis-
similar to NVP eruption centres. These points would rep-
resent an additional 75 eruption centres if ground-
truthed to be part of the NVP (and can easily be added to
the database and map), and would bring the total num-
ber of eruption points to 785 over 491 eruption centres.

Volcanic centres of the 7.0–4.6 Ma Macedon–Tren-
tham Group were also plotted in a separate spreadsheet,
comprising 32 eruption points from 24 centres. Although
they are not needed for the NVP map, it was deemed use-
ful to document them.

Lack of detailed work on eruption centres, coupled
with poor preservation and lack of outcrop, mean that
many potentially complex volcanoes have been classified
as simple. Future research may bring to light additional
eruption points for these volcanic centres, which can
easily be redefined.

Calculations from this study estimate that the NVP
has an eruption frequency of 1:10 800 yrs. (4.5 Ma/416). If,
however, the additional 75 eruption centres proved to be
genuine NVP volcanoes, this would change to 1:9200 yrs.
(4.5 Ma/491). This is similar to estimates of 1:11 500 yrs
(Cas et al. 1993) and 1: 12 500 yrs (Joyce 1988a, b, 2003,
2004, 2005).

The NVP is considered an active volcanic province,
with the occurrence of mantle-derived CO2 emissions at
Mt Gambier, Garvoc, Wangoom (Wopfner & Thornton
1971; Chivas et al. 1987) and the Daylesford region of the
Central Highlands (Chivas et al. 1983; Cartwright et al.
2002), plus the presence of a heat anomaly beneath the
Central Highlands subprovince (Graeber et al. 2002;
Aivazpourporgou et al. 2012). Researchers agree that fur-
ther eruptions are possible, and the hazards associated
would be from lava flows, scoria-cone and maar forma-
tion, and the production of ash plumes (e.g. Blong 1984,
Joyce 2003, 2004; Cas & van Otterloo 2011). This new
repository of eruption-point data will help to update
available risk and hazard analysis evaluations for Victo-
ria and South Australia, for example that of Joyce (2003).

Central Highlands subprovince

The Central Highlands subprovince covers the dissected
uplands of Paleozoic metasediments and granites north-
west of Melbourne (Nicholls & Joyce 1989) and is 140 km
across (Figure 5). The subprovince contains 54% of NVP
volcanic centres, contrasting with a previously esti-
mated 75% (Joyce 1975). Dominant eruption points are
72% of the simple scoria cones and 52% of simple lava
shields in the NVP, with only 14 complex volcanic
centres and three simple maars (Table 1). Products from
these centres cover an area of > 4277 km2, which is 71%

smaller than that covered by eruption products of the
Western Plains subprovince.

Table 2 shows numbers of individual eruption points
in the subprovinces (eruption centres feature varying
numbers of eruption points). The Central Highlands is
made up of approximately half the lava and scoria erup-
tions of the NVP, as it contains 42% of the total number
of NVP eruption points. This is due to the fact that there
are a slightly higher proportion of simple volcanoes in
the Central Highlands when compared with the Western
Plains.

The west of the subprovince is dominated by scoria-
cone eruptions in two notable concentrations (Figure 5)
trending NW–SE. The first runs 33 km from Lexton to
Ballarat in a 10-km swathe consisting of 34 scoria cones,
four lava shields, three unknown eruption types and one
magmatic volcanic complex (Mt Mitchell) (see also
Figure 6a). The second concentration runs approxi-
mately 52 km from Mount Cameron–Newlyn–Gordon in
a 7-km swathe consisting of >27 scoria cones, four mag-
matic volcanic complexes and numerous lava shields
towards the Gordon area. These trends may correspond
to the general basement structural trends of the Lachlan
Orogen, which are NNW–SSE to N–S, coinciding with
the orientation of the present-day compressive stress
regime (Hillis et al. 1995; Jones et al. 2000).

It is difficult to associate faults with volcanism (Joyce
1975), and the heterogeneous nature of the subsurface
(e.g. Cayley et al. 2011) brings into question to what
extent faults have influenced volcanic activity in the
NVP. With this in mind, there are several outcroppings
of volcanic centres across the NVP, which seemingly
coincide with major crustal structures. Some of the Lex-
ton to Ballarat centres (Mt Mitchell to Weatherboard
Hill) align with the Avoca Fault (Figure 6a), which is
reverse in nature, steeply dipping to the west (Gray et al.
1988), and does not reach the Moho but terminates
mid-crust against the Moyston Fault (Cayley et al. 2011).
Magma from the eruption centres in this region has
been emplaced through granite, and both local faults
and W/NWand N/NE jointing have controlled the distri-
bution patterns (Joyce 2007). The westerly dipping Mt
William Fault (Cayley et al. 2011) lies close to centres in
the Goldie region, such as The Sugarloaf, Woodlands and
several unnamed eruption centres. The Paleozoic
Muckleford Fault (Figure 5), which is a west-dipping
reverse fault, splits the Central Highlands into east and
west and indicates a major tectonic difference at depth
(Joyce 2007). The area to the west forms an uplifted bed-
rock plateau, on which scoria cones are dominant, com-
pared with lava shields to the east (Joyce 2007), although
both volcano types are found across the Central
Highlands.

Table 2 Eruption points of the Newer Volcanics Province, Australia, classified by subprovince and type of eruption, with totals
indicated in italics.

Mainly scoria Mainly lava Maar Ash cones/domes Unknown Spatter cone Total

Central Highlands 129 137 6 0 21 0 293
Western Plains 140 121 69 0 21 16 367
Mt Gambier 14 1 16 4 0 9 44
Total 283 259 91 4 42 25 704
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Notable concentrations of lava shields found in the
Gisborne–Sunbury area straddle the border between the
Central Highlands and the Western Plains, and consist
mainly of lava shields forming extensive lava fields
(Clarke 1984; O’Neill 1984), and a line of lava shields run-
ning from Kilmore to Craigieburn, both trending NW–

SE. Late-Pliocene movement along the Rowsley Fault
near Bacchus Marsh caused lava flows in the area to be
monoclinally folded across the fault (Joyce 1975, 2009).
These lavas were dated to 4 Ma (Azis-ur-Rahman &
McDougall 1972).

Complex volcanic centres take the form of magmatic
complexes such as Mt Franklin and Mt Kooroocheang,
while there are two maar–cone volcanic complexes at
Lake Burrumbete and Clover Hill.

Western Plains subprovince

The Western Plains subprovince extends 320 km from
Melbourne west to Portland and is characterised by
extensive plains forming lava fields, filling the pre-
existing subdued topography of the Otway Basin
(Figure 1). The subprovince contains 42% of NVP volca-
nic centres in the form of 23% of the NVP’s simple scoria
cones, 47% of lava shields, 71% of simple maars and 63%
of the complex centres (Table 1). The products of these
eruptions cover an area of >14 600 km2, making this the
largest subprovince in the NVP.

The Western Plains contains 52% of the total number
of eruption points in the NVP (Table 2), similar to the
Central Highlands in that it contains almost half of the

Figure 5 Central Highlands subprovince of the Newer Volcanics Province.
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Mt Macedon, none of which can be found in other NVP
literature, and the areas the points are located in are dis-
similar to NVP eruption centres. These points would rep-
resent an additional 75 eruption centres if ground-
truthed to be part of the NVP (and can easily be added to
the database and map), and would bring the total num-
ber of eruption points to 785 over 491 eruption centres.

Volcanic centres of the 7.0–4.6 Ma Macedon–Tren-
tham Group were also plotted in a separate spreadsheet,
comprising 32 eruption points from 24 centres. Although
they are not needed for the NVP map, it was deemed use-
ful to document them.

Lack of detailed work on eruption centres, coupled
with poor preservation and lack of outcrop, mean that
many potentially complex volcanoes have been classified
as simple. Future research may bring to light additional
eruption points for these volcanic centres, which can
easily be redefined.

Calculations from this study estimate that the NVP
has an eruption frequency of 1:10 800 yrs. (4.5 Ma/416). If,
however, the additional 75 eruption centres proved to be
genuine NVP volcanoes, this would change to 1:9200 yrs.
(4.5 Ma/491). This is similar to estimates of 1:11 500 yrs
(Cas et al. 1993) and 1: 12 500 yrs (Joyce 1988a, b, 2003,
2004, 2005).

The NVP is considered an active volcanic province,
with the occurrence of mantle-derived CO2 emissions at
Mt Gambier, Garvoc, Wangoom (Wopfner & Thornton
1971; Chivas et al. 1987) and the Daylesford region of the
Central Highlands (Chivas et al. 1983; Cartwright et al.
2002), plus the presence of a heat anomaly beneath the
Central Highlands subprovince (Graeber et al. 2002;
Aivazpourporgou et al. 2012). Researchers agree that fur-
ther eruptions are possible, and the hazards associated
would be from lava flows, scoria-cone and maar forma-
tion, and the production of ash plumes (e.g. Blong 1984,
Joyce 2003, 2004; Cas & van Otterloo 2011). This new
repository of eruption-point data will help to update
available risk and hazard analysis evaluations for Victo-
ria and South Australia, for example that of Joyce (2003).

Central Highlands subprovince

The Central Highlands subprovince covers the dissected
uplands of Paleozoic metasediments and granites north-
west of Melbourne (Nicholls & Joyce 1989) and is 140 km
across (Figure 5). The subprovince contains 54% of NVP
volcanic centres, contrasting with a previously esti-
mated 75% (Joyce 1975). Dominant eruption points are
72% of the simple scoria cones and 52% of simple lava
shields in the NVP, with only 14 complex volcanic
centres and three simple maars (Table 1). Products from
these centres cover an area of > 4277 km2, which is 71%

smaller than that covered by eruption products of the
Western Plains subprovince.

Table 2 shows numbers of individual eruption points
in the subprovinces (eruption centres feature varying
numbers of eruption points). The Central Highlands is
made up of approximately half the lava and scoria erup-
tions of the NVP, as it contains 42% of the total number
of NVP eruption points. This is due to the fact that there
are a slightly higher proportion of simple volcanoes in
the Central Highlands when compared with the Western
Plains.

The west of the subprovince is dominated by scoria-
cone eruptions in two notable concentrations (Figure 5)
trending NW–SE. The first runs 33 km from Lexton to
Ballarat in a 10-km swathe consisting of 34 scoria cones,
four lava shields, three unknown eruption types and one
magmatic volcanic complex (Mt Mitchell) (see also
Figure 6a). The second concentration runs approxi-
mately 52 km from Mount Cameron–Newlyn–Gordon in
a 7-km swathe consisting of >27 scoria cones, four mag-
matic volcanic complexes and numerous lava shields
towards the Gordon area. These trends may correspond
to the general basement structural trends of the Lachlan
Orogen, which are NNW–SSE to N–S, coinciding with
the orientation of the present-day compressive stress
regime (Hillis et al. 1995; Jones et al. 2000).

It is difficult to associate faults with volcanism (Joyce
1975), and the heterogeneous nature of the subsurface
(e.g. Cayley et al. 2011) brings into question to what
extent faults have influenced volcanic activity in the
NVP. With this in mind, there are several outcroppings
of volcanic centres across the NVP, which seemingly
coincide with major crustal structures. Some of the Lex-
ton to Ballarat centres (Mt Mitchell to Weatherboard
Hill) align with the Avoca Fault (Figure 6a), which is
reverse in nature, steeply dipping to the west (Gray et al.
1988), and does not reach the Moho but terminates
mid-crust against the Moyston Fault (Cayley et al. 2011).
Magma from the eruption centres in this region has
been emplaced through granite, and both local faults
and W/NWand N/NE jointing have controlled the distri-
bution patterns (Joyce 2007). The westerly dipping Mt
William Fault (Cayley et al. 2011) lies close to centres in
the Goldie region, such as The Sugarloaf, Woodlands and
several unnamed eruption centres. The Paleozoic
Muckleford Fault (Figure 5), which is a west-dipping
reverse fault, splits the Central Highlands into east and
west and indicates a major tectonic difference at depth
(Joyce 2007). The area to the west forms an uplifted bed-
rock plateau, on which scoria cones are dominant, com-
pared with lava shields to the east (Joyce 2007), although
both volcano types are found across the Central
Highlands.

Table 2 Eruption points of the Newer Volcanics Province, Australia, classified by subprovince and type of eruption, with totals
indicated in italics.

Mainly scoria Mainly lava Maar Ash cones/domes Unknown Spatter cone Total

Central Highlands 129 137 6 0 21 0 293
Western Plains 140 121 69 0 21 16 367
Mt Gambier 14 1 16 4 0 9 44
Total 283 259 91 4 42 25 704
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Notable concentrations of lava shields found in the
Gisborne–Sunbury area straddle the border between the
Central Highlands and the Western Plains, and consist
mainly of lava shields forming extensive lava fields
(Clarke 1984; O’Neill 1984), and a line of lava shields run-
ning from Kilmore to Craigieburn, both trending NW–

SE. Late-Pliocene movement along the Rowsley Fault
near Bacchus Marsh caused lava flows in the area to be
monoclinally folded across the fault (Joyce 1975, 2009).
These lavas were dated to 4 Ma (Azis-ur-Rahman &
McDougall 1972).

Complex volcanic centres take the form of magmatic
complexes such as Mt Franklin and Mt Kooroocheang,
while there are two maar–cone volcanic complexes at
Lake Burrumbete and Clover Hill.

Western Plains subprovince

The Western Plains subprovince extends 320 km from
Melbourne west to Portland and is characterised by
extensive plains forming lava fields, filling the pre-
existing subdued topography of the Otway Basin
(Figure 1). The subprovince contains 42% of NVP volca-
nic centres in the form of 23% of the NVP’s simple scoria
cones, 47% of lava shields, 71% of simple maars and 63%
of the complex centres (Table 1). The products of these
eruptions cover an area of >14 600 km2, making this the
largest subprovince in the NVP.

The Western Plains contains 52% of the total number
of eruption points in the NVP (Table 2), similar to the
Central Highlands in that it contains almost half of the

Figure 5 Central Highlands subprovince of the Newer Volcanics Province.
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lava and scoria eruptions. However, the subprovince fea-
tures most of the maar volcanoes in the NVP; these are
concentrated in the Warrnambool–Colac region, where
they are associated with the aquifers of the underlying
Cenozoic Otway Basin sediments (Joyce 1975) and
Mesozoic structures. They range from simple volcanoes
such as the CobdenMaar, to maar volcanic complexes like
Lakes Purrumbete and Bullen Merri. Maar–cone volcanic
complexes such as Tower Hill and Red Rock can have
substantial numbers of eruption points (19 and 40, respec-
tively). Lake Purrumbete and Tower Hill are among the
largest maars in the world. One large maar–cone volcanic

complex recently discovered near Woodhouse, Hamilton,
by the author constitutes the most northern maar in the
western half of the Western Plains, and was formed away
from the influence of the Otway Basin aquifers. The vast
majority of simple scoria cones of the Western Plains
(93%) outcrop in the east of the subprovince.

The Mortlake Discontinuity (Price et al. 1997) splits
the Western Plains into East and West, and corresponds
to the Paleozoic Moyston Fault, the suture between the
Delamerian and Lachlan orogens (Korsch et al. 2002;
Cayley et al. 2011). The volcanics to the east have higher
Sr-isotopic ratios (0.7037–0.7058) than those in the west,

Figure 6 Volcanic distribution of the Western Plains subprovince in (a) the Avoca Fault area, and (b) the Moyston and
Escondida Fault area.
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indicating distinct mantle sources (0.7037–0.7046: Price
et al. 1997). The Moyston Fault dips to the east, probably
extending to the Moho (Cayley et al. 2011), and coincides
with the outcropping of several maar volcanoes in the
Noorat–Terang–Ecklin area (Figure 6b), such as the sim-
ple maars of Lake Keilambete, Pejark Marsh and Ecklin
and Brucknell swamps, and the maar–cone volcanic com-
plexes of Mt Noorat, Lake Terang and Staughton Hill. Mt
Shadwell coincides with the Escondida Fault, which dips
to the east (Gray et al. 2003).

The Dartmoor Ridge contains a concentration of eight
lava shields, such as Mt Deception and Mt Vandyke, with
ages of 3–2 Ma (Nicholls & Joyce 1989); and the Portland
area features three large coastal complexes, Capes
Bridgewater, Nelson and Sir William Grant. The Hum-
mocks Fault dips steeply west (Morand et al. 2003)
through the Mt Deception area and an unnamed but pos-
sibly related Geoscience Victoria eruption point.

Other major faults in the Western Plains (Figure 1)
include the easterly dipping Yarramyljup Fault (Gray
et al. 2003), which runs between Hamilton-area volcanoes
such as Mt Baimbridge, Mt Pierrepoint and Mt Napier,
and Mt Ripponhurst and Vine Bank; the Avoca Fault,
close to Robertson Hill, Red Rock maar–cone complex
and Warrion Hill; and the westerly dipping Mt William
Fault (Cayley et al. 2011) in the Sunbury area near
Cowies Hill, Mt Atkinson, Ryans Hill and Bald Hill.

Mt Gambier subprovince

The Mt Gambier subprovince is located in southeast
South Australia, 60 km west of the Western Plains sub-
province (Figures 1, 7), and contains only 4% of NVP vol-
canic centres concentrated in two clusters, the Mt Burr
Volcanic Group and the Mt Gambier Volcanic Group
(Sprigg 1952; Sheard 1990, 1995). The Mt Gambier subpro-
vince contains only 6% of total eruption points in the
NVP (Table 2), with its products covering an area of
>99 km2. Mt Gambier is therefore the smallest subpro-
vince, amounting to approximately 1% of total NVP
area. Sheard (1990) estimated the aerial extent of the vol-
canics to be 110 km2, while Demidjuk (2005) used drill-
hole data to estimate a subaerial extent of 217 km2.

The Mt Burr Volcanic Group, east of Millicent, con-
sists of 14 confirmed volcanic centres, concentrated
along a basement high and related to three northwest-
trending lineaments (Sheard 1978, 1990; Nicholls & Joyce
1989). Pollen and radiocarbon studies on lake sediments
overlying volcanic ash deposits at Lake Leake suggest
that the maar is older than 50 000 B.P. (which was the
limit of radiocarbon dating) (Dodson 1975). The deposits
have suffered erosional modification by high sea-levels
during the Pleistocene and are overlain by the Bridge-
water Formation sands (Sheard 1978, 1990). A range of
volcanic centres are preserved, such as composite
centres of lava and scoria (Mt Graham and Mt Burr), a
maar–cone complex (Mt Muirhead), simple and complex
maars (Lakes Edward and Leake) and several phreato-
magmatic tuff cones (e.g. Mt Lyon, Boyce Hill).

The Mt Gambier Volcanic Group is made up of two
maar–cone volcanic complexes, Mt Gambier and
Mt Schank. Eruption points at Mt Schank are aligned

NNW–SSE, and at Mt Gambier NW–SE along the Tart-
waup Fault (van Otterloo 2012).

CONCLUSIONS

Analysis of eruption points in the Newer Volcanics Prov-
ince has allowed the drafting of a new map based on
eruption type, and gives a minimum estimate of
>704 eruption points from >416 volcanic centres. The
Newer Volcanics Province covers an area of >19 000 km2

and may be significantly larger. This project highlights
the need for additional research to be undertaken in the
NVP. Recent and ongoing research indicates that many
apparently simple volcanoes are complex, with multiple
eruption points and varieties of eruption products. This
is illustrated by the composite nature of many of the sco-
ria cones in the province. Recent discoveries of three vol-
canoes (including one large complex) in the Hamilton
area by the author, and several more unknown eruption

Figure 7 Mt Gambier subprovince of the Newer Volcanics
Province, southeastern South Australia.
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lava and scoria eruptions. However, the subprovince fea-
tures most of the maar volcanoes in the NVP; these are
concentrated in the Warrnambool–Colac region, where
they are associated with the aquifers of the underlying
Cenozoic Otway Basin sediments (Joyce 1975) and
Mesozoic structures. They range from simple volcanoes
such as the CobdenMaar, to maar volcanic complexes like
Lakes Purrumbete and Bullen Merri. Maar–cone volcanic
complexes such as Tower Hill and Red Rock can have
substantial numbers of eruption points (19 and 40, respec-
tively). Lake Purrumbete and Tower Hill are among the
largest maars in the world. One large maar–cone volcanic

complex recently discovered near Woodhouse, Hamilton,
by the author constitutes the most northern maar in the
western half of the Western Plains, and was formed away
from the influence of the Otway Basin aquifers. The vast
majority of simple scoria cones of the Western Plains
(93%) outcrop in the east of the subprovince.

The Mortlake Discontinuity (Price et al. 1997) splits
the Western Plains into East and West, and corresponds
to the Paleozoic Moyston Fault, the suture between the
Delamerian and Lachlan orogens (Korsch et al. 2002;
Cayley et al. 2011). The volcanics to the east have higher
Sr-isotopic ratios (0.7037–0.7058) than those in the west,

Figure 6 Volcanic distribution of the Western Plains subprovince in (a) the Avoca Fault area, and (b) the Moyston and
Escondida Fault area.
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indicating distinct mantle sources (0.7037–0.7046: Price
et al. 1997). The Moyston Fault dips to the east, probably
extending to the Moho (Cayley et al. 2011), and coincides
with the outcropping of several maar volcanoes in the
Noorat–Terang–Ecklin area (Figure 6b), such as the sim-
ple maars of Lake Keilambete, Pejark Marsh and Ecklin
and Brucknell swamps, and the maar–cone volcanic com-
plexes of Mt Noorat, Lake Terang and Staughton Hill. Mt
Shadwell coincides with the Escondida Fault, which dips
to the east (Gray et al. 2003).

The Dartmoor Ridge contains a concentration of eight
lava shields, such as Mt Deception and Mt Vandyke, with
ages of 3–2 Ma (Nicholls & Joyce 1989); and the Portland
area features three large coastal complexes, Capes
Bridgewater, Nelson and Sir William Grant. The Hum-
mocks Fault dips steeply west (Morand et al. 2003)
through the Mt Deception area and an unnamed but pos-
sibly related Geoscience Victoria eruption point.

Other major faults in the Western Plains (Figure 1)
include the easterly dipping Yarramyljup Fault (Gray
et al. 2003), which runs between Hamilton-area volcanoes
such as Mt Baimbridge, Mt Pierrepoint and Mt Napier,
and Mt Ripponhurst and Vine Bank; the Avoca Fault,
close to Robertson Hill, Red Rock maar–cone complex
and Warrion Hill; and the westerly dipping Mt William
Fault (Cayley et al. 2011) in the Sunbury area near
Cowies Hill, Mt Atkinson, Ryans Hill and Bald Hill.

Mt Gambier subprovince

The Mt Gambier subprovince is located in southeast
South Australia, 60 km west of the Western Plains sub-
province (Figures 1, 7), and contains only 4% of NVP vol-
canic centres concentrated in two clusters, the Mt Burr
Volcanic Group and the Mt Gambier Volcanic Group
(Sprigg 1952; Sheard 1990, 1995). The Mt Gambier subpro-
vince contains only 6% of total eruption points in the
NVP (Table 2), with its products covering an area of
>99 km2. Mt Gambier is therefore the smallest subpro-
vince, amounting to approximately 1% of total NVP
area. Sheard (1990) estimated the aerial extent of the vol-
canics to be 110 km2, while Demidjuk (2005) used drill-
hole data to estimate a subaerial extent of 217 km2.

The Mt Burr Volcanic Group, east of Millicent, con-
sists of 14 confirmed volcanic centres, concentrated
along a basement high and related to three northwest-
trending lineaments (Sheard 1978, 1990; Nicholls & Joyce
1989). Pollen and radiocarbon studies on lake sediments
overlying volcanic ash deposits at Lake Leake suggest
that the maar is older than 50 000 B.P. (which was the
limit of radiocarbon dating) (Dodson 1975). The deposits
have suffered erosional modification by high sea-levels
during the Pleistocene and are overlain by the Bridge-
water Formation sands (Sheard 1978, 1990). A range of
volcanic centres are preserved, such as composite
centres of lava and scoria (Mt Graham and Mt Burr), a
maar–cone complex (Mt Muirhead), simple and complex
maars (Lakes Edward and Leake) and several phreato-
magmatic tuff cones (e.g. Mt Lyon, Boyce Hill).

The Mt Gambier Volcanic Group is made up of two
maar–cone volcanic complexes, Mt Gambier and
Mt Schank. Eruption points at Mt Schank are aligned

NNW–SSE, and at Mt Gambier NW–SE along the Tart-
waup Fault (van Otterloo 2012).

CONCLUSIONS

Analysis of eruption points in the Newer Volcanics Prov-
ince has allowed the drafting of a new map based on
eruption type, and gives a minimum estimate of
>704 eruption points from >416 volcanic centres. The
Newer Volcanics Province covers an area of >19 000 km2

and may be significantly larger. This project highlights
the need for additional research to be undertaken in the
NVP. Recent and ongoing research indicates that many
apparently simple volcanoes are complex, with multiple
eruption points and varieties of eruption products. This
is illustrated by the composite nature of many of the sco-
ria cones in the province. Recent discoveries of three vol-
canoes (including one large complex) in the Hamilton
area by the author, and several more unknown eruption

Figure 7 Mt Gambier subprovince of the Newer Volcanics
Province, southeastern South Australia.
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points during the course of this study, show that there
are probably many more volcanoes to be discovered in
the province. Numerous Honours and other theses at
Monash, Melbourne and LaTrobe universities may yet
provide evidence for further eruption points. Also,
because of the extremely low profile of many of the lava
shields, it is more than likely older edifices have been
completely buried by younger volcanism, for example by
the Mt Rouse lava flows, which extend >60 km from Mt
Rouse to the sea at Port Fairy, and flow around one such
volcano (Fox Hill). Poor preservation and outcrop also
hinder efforts to define eruption points. Because the
NVP is considered an active province, it is important to
gain a fuller understanding of the nature of eruption
products and their frequency. It is estimated that the
NVP has an eruption frequency ranging from 1:10 800
years (this study) to 1:11 500 years (Cas et al. 1993) and 1:
12 500 years (Joyce 1988a, b, 2003, 2004, 2005).
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points during the course of this study, show that there
are probably many more volcanoes to be discovered in
the province. Numerous Honours and other theses at
Monash, Melbourne and LaTrobe universities may yet
provide evidence for further eruption points. Also,
because of the extremely low profile of many of the lava
shields, it is more than likely older edifices have been
completely buried by younger volcanism, for example by
the Mt Rouse lava flows, which extend >60 km from Mt
Rouse to the sea at Port Fairy, and flow around one such
volcano (Fox Hill). Poor preservation and outcrop also
hinder efforts to define eruption points. Because the
NVP is considered an active province, it is important to
gain a fuller understanding of the nature of eruption
products and their frequency. It is estimated that the
NVP has an eruption frequency ranging from 1:10 800
years (this study) to 1:11 500 years (Cas et al. 1993) and 1:
12 500 years (Joyce 1988a, b, 2003, 2004, 2005).
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Chapter 4
Chapter 3 is a paper which was published in The Australian Journal of Earth Sciences in June 

2014.
This study was initiated in order to place Mt Rouse, the largest volcano in the Newer 

Volcanics Province (NVP) into a local context in terms of the volcano distribution and geochemistry 
of eruption products. Following on from the material presented in Chapter 2, this chapter focuses on 
the Hamilton area of the NVP surrounding Mt Rouse, and forms a companion paper to Chapter 2. The 
study correlates geospatial data on the locations of volcanoes with ground truthing and desktop based 
analyses such as ArcGIS Total Magnetic Intensity, seamless geology data, NASA ASTER digital 
elevation models. 

Three new volcanoes were proposed in the Hamilton area, and several previously defined 
volcanoes were brought into question based on field and desk-based observations.

Radiometrics and published geochronological data were correlated and used to confirm three 
phases of volcanic eruption, with information on the state of weathering of outcrops being used to 
further subdivide the phases into older and younger groupings. These were also found to correlate 
with geochemical analysis of samples from each volcano, with the dominantly basaltic products 
becoming increasingly alkaline and enriched in incompatible elements with time.

Geochemical analyses of the products of volcanism in the Hamilton are can be found in 
Appendix 3.
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Eruption centres of the Hamilton area of the Newer
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volcanoes from amultifaceted approach to landform
mapping
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Volcanic eruption centres of the mostly 4.5 Ma�5000 BP Newer Volcanics Province in the Hamilton area
of southeastern Australia were examined in detail using a multifaceted approach, including ground
truthing and analysis of ArcGIS Total Magnetic Intensity and seamless geology data, NASA Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation models and Google
Earth satellite image interpretation. Sixteen eruption centres were recognised in the Hamilton area,
including three previously unrecorded volcanoes—one of which, the Cas Maar, constitutes the
northernmost maar�cone volcanic complex in the Western Plains subprovince. Seven previously
allocated eruption centres were placed into question based on field and laboratory observations.
Three phases of volcanic activity have been suggested by other authors and are interpreted to
correlate with ages of >4 Ma, ca 2 Ma and <0.5 Ma, which may be further subdivided based on
preservation of outcrop. Geochemical compositions of the dominantly basaltic products become
increasingly alkaline and enriched in incompatible elements from Phases 1 to 2, with Phase 3 eruptions
both covering the entire geochemical range and extending into increasingly enriched compositions.
This research highlights the importance of a multifaceted approach to landform mapping and
demonstrates that additional volcanic centres may yet be discovered in the Newer Volcanics Province.

KEY WORDS: Newer Volcanics Province, relative ages, geochemistry, monogenetic volcanism,
radiometrics, intraplate basaltic volcanism, Google Earth.

INTRODUCTION

The Newer Volcanics Province (NVP) of southeastern
Australia constitutes the most recent phase of volcanic
activity in Australia, with eruptions spanning from
largely 4.5 Ma to ca 5000 BP (Blackburn 1966; McDougall
et al. 1966; Blackburn et al. 1982; Price et al. 2003; Gray &
McDougall 2009; Gouramanis et al. 2010), and is currently
considered active.

Mapping of volcanic centres in the NVP has mainly
focused on the analysis of topographic, geomorphic and
geometrical data, with little physical ground truthing of
the smaller eruption centres, owing to a lack of resour-
ces. Boyce (2013) amalgamated eruption point data for
the NVP into a single repository to create a new volcanic
distribution map of the NVP, containing >704 eruption
points (vents) from >416 volcanic centres. A significant
number of previously identified eruption points (81)
were removed from the database in order to arrive at
these figures, owing to the possible misplacement of
points in erosional features, obvious non-NVP outcrop

or flat terrain with no hills on digital elevation models,
and no significant responses on Total Magnetics Inten-
sity (TMI) imagery or red green blue (RGB) radiometrics
ternary images.

The research outlined herein is complementary to the
distribution maps of Boyce (2013), and explains the posi-
tioning of eruption centres in the Hamilton area of the
Western Plains subprovince.

We performed a detailed desktop study of the eruption
centres of the Hamilton (7322) 1:100 000 map sheet area,
carried out during a study of the Mt Rouse magmatic vol-
canic complex in order to place the volcano in a local con-
text with respect to other eruption centres. Subsequent
ground truthing involved fieldwork during site visits that
enabled the identification of three new eruption centres
and placed into question some that were previously pro-
posed. Desktop studies before and after ground truthing
involved the interpretation of satellite imagery, magnetics
and radiometrics data and digital elevation models, and
reconnaissance geochemical analysis to define phases of
volcanic activity in the Hamilton area.

*Corresponding author: julie.boyce@monash.edu
� 2014 Geological Society of Australia
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INTRODUCTION

The Newer Volcanics Province (NVP) of southeastern
Australia constitutes the most recent phase of volcanic
activity in Australia, with eruptions spanning from
largely 4.5 Ma to ca 5000 BP (Blackburn 1966; McDougall
et al. 1966; Blackburn et al. 1982; Price et al. 2003; Gray &
McDougall 2009; Gouramanis et al. 2010), and is currently
considered active.

Mapping of volcanic centres in the NVP has mainly
focused on the analysis of topographic, geomorphic and
geometrical data, with little physical ground truthing of
the smaller eruption centres, owing to a lack of resour-
ces. Boyce (2013) amalgamated eruption point data for
the NVP into a single repository to create a new volcanic
distribution map of the NVP, containing >704 eruption
points (vents) from >416 volcanic centres. A significant
number of previously identified eruption points (81)
were removed from the database in order to arrive at
these figures, owing to the possible misplacement of
points in erosional features, obvious non-NVP outcrop

or flat terrain with no hills on digital elevation models,
and no significant responses on Total Magnetics Inten-
sity (TMI) imagery or red green blue (RGB) radiometrics
ternary images.

The research outlined herein is complementary to the
distribution maps of Boyce (2013), and explains the posi-
tioning of eruption centres in the Hamilton area of the
Western Plains subprovince.

We performed a detailed desktop study of the eruption
centres of the Hamilton (7322) 1:100 000 map sheet area,
carried out during a study of the Mt Rouse magmatic vol-
canic complex in order to place the volcano in a local con-
text with respect to other eruption centres. Subsequent
ground truthing involved fieldwork during site visits that
enabled the identification of three new eruption centres
and placed into question some that were previously pro-
posed. Desktop studies before and after ground truthing
involved the interpretation of satellite imagery, magnetics
and radiometrics data and digital elevation models, and
reconnaissance geochemical analysis to define phases of
volcanic activity in the Hamilton area.
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GEOLOGICAL SETTING OF THE NVP

Volcanic activity in Victoria has been almost continuous
during the Cenozoic, with three peaks in volcanism
(Price et al. 2003). The NVP (the focus of this study) is
considered the youngest of these volcanic groups, which
also includes the Older Volcanics in eastern Victoria and
the Otway Ranges to the west (95�19 Ma; Day 1983) as
well as the Macedon�Trentham group northwest of Mel-
bourne (7.0�4.6 Ma; Wellman 1974; Dasch & Millar 1977;
Ewart et al. 1985; Sutherland et al. 2014). The latter
resembles the central volcanoes of New South Wales and
Queensland (Knutson & Nicholls 1989).

Although the age range of the NVP is given as a time-
span of the last ca 4.5 Ma, the ages of NVP products are
generally not well constrained, with many eruption
centres and older buried lava flows undated. This is due
to sampling bias towards younger products that are
fresher and easier to sample (Cayley et al. 1995; Edwards
et al. 2004). It is highly probable that products of NVP
composition began to erupt at ca 8 Ma or earlier. The
NVP basalts in Beaufort, northern Victoria were dated
to 6.07 § 0.11 Ma and 4.65 § 0.07 Ma (Cayley et al. 1995);
approximately 70 m of older NVP flows underlie these
basalts. In addition, Lady Julia Percy Island is consid-
ered part of the NVP—this polycyclic volcano erupted in
two phases, at 7.80 § 0.08 Ma and 6.22 § 0.06 Ma (Edwards
et al. 2004). The centre was removed from the volcanic
distribution map of Boyce (2013), owing to its older age,
and should be re-entered.

The NVP is a continental intraplate basaltic volcanic
field, containing the products of >416 late Neogene�Re-
cent eruption centres stretching 410 km from Mel-
bourne, Victoria to the Mt Burr range, southeast South
Australia (Figure 1; Ollier & Joyce 1964, 1968; Ollier 1967;
Joyce 1975; Nicholls & Joyce 1989; Lesti et al. 2008; Boyce
2013). Covering an area of >19 000 km2 (Boyce 2013), the
NVP has an estimated volume of 1300 km3 (Wellman
1971). The NVP is composed of the products of short-lived
apparently monogenetic basaltic volcanoes (Ollier &
Joyce 1964; Joyce 1975), which are defined as either sim-
ple or complex. One eruption centre (e.g. Mt Rouse) may
have more than one eruption point (vent). The simple
eruption centres are scoria cones, lava shields, maars,
ash cones 6 domes and some centres of unknown charac-
ter, which are morphologically simple with few eruption
points. The complex volcanoes are more diverse in
nature, with intricate morphologies and multiple erup-
tion points forming dominantly magmatic, maar or
maar�cone volcanic complexes (Boyce 2013). The prod-
ucts of phreatomagmatic eruptions (e.g. tuff cones) arise
owing to magma�water interaction, which is not the
case for magmatic products such as lava shields, scoria
cones and 6 or spatter cones.

The NVP is subdivided into three subprovinces on
the basis of geomorphology, viz: the Central Highlands
(a.k.a. Central Uplands), Western Plains and Mt Gambier
subprovinces (Joyce 1975; Nicholls & Joyce 1989; Price
et al. 2003) (Figure 1). The Western Plains subprovince
(the focus of this study) extends 320 km from Melbourne

Figure 1 Western Newer Volcanics Province of southeastern Australia, showing major faults (inferred by dashed lines
through basalts), Newer Volcanics outcrop and distribution of eruption centres, with the Hamilton area outlined by green
square. Modified after Boyce (2013).
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to Portland and covers an area of >14 600 km2. The West-
ern Plains basalts are characterised by extensive plains-
forming lava fields filling the subdued topography of the
Otway Basin, and the subprovince contains 42% of NVP
volcanic centres (Boyce 2013). A concentration of phrea-
tomagmatic eruption centres is found in the
Colac�Warrnambool area, attributed to magma�water
interaction with the Cenozoic sedimentary aquifers of
the Otway Basin (Joyce 1975). The Paleozoic Moyston
Fault splits the Western Plains into eastern and western
sectors, as it is the boundary between the Delamerian
and Lachlan Fold belts, which have different ages and
geological histories (Figure 1; Korsch et al. 2002; Cayley
et al. 2011). The Moyston Fault corresponds to the Mor-
tlake Discontinuity of the NVP (Price et al. 1997). East of
the discontinuity, volcanic products consist of maars,
tuff rings and large scoria cones, with abundant mantle
xenoliths and megacrysts, and higher reported Sr-isoto-
pic values of 0.7035�0.7058. Volcanic products to the west
of the Mortlake Discontinuity contain few mantle xeno-
liths or megacrysts, and have a narrower range of Sr-iso-
tope values of 0.7035�0.7047, which are believed to
indicate distinct mantle sources within the eastern and
western lithospheric mantle segments (Cooper & Green
1969; Dasch & Green 1975; Stuckless & Irving 1976;
McDonough et al. 1985; Whitehead 1986; Ewart et al. 1988;
Price et al. 1997, 2003; McBride et al. 2001; Foden et al.
2002; Demidjuk et al. 2007).

The Hamilton area (the focus of this study) lies to the
west of the Mortlake Discontinuity. This area contains
approximately seven eruption centres according to the
volcanic distribution maps of Joyce (1975); however, six
appear in Rosengren (1994), and 16 on the Victoria Seam-
less Geology DVD (October 2011). These consist of mainly
lava shields, but also two large volcanic complexes (Mt
Rouse and Mt Napier). There is therefore a need for
amalgamation of eruption centre data.

METHODS

A detailed desktop study of the Hamilton (7322) 1:100 000
map sheet area was performed utilising previously iden-
tified eruption points, ArcGIS TMI, RGB ternary radio-
metrics diagrams and seamless geology data, NASA
ASTER digital elevation models and Google Earth satel-
lite image interpretation.

Eruption points from Rosengren (1994) (based on an
unpublished manuscript by Singleton & Joyce 1969)
were correlated with and plotted alongside those con-
tained within the Victoria Seamless Geology DVD (D.
Higgins, pers. comm. 2011) onto ArcGIS and Google
Earth. The Hamilton map sheet area was examined on
Google Earth, with the options to zoom, pan, tilt and ver-
tically exaggerate the data, for both recorded and unre-
corded eruption centres. Data were then viewed in
ArcGIS, utilising seamless geology, TMI images, RGB
radiometrics ternary images and NASA ASTER digital
elevation models, where eruption centres were corre-
lated with magnetic anomalies (high values appear grey
and red, whereas low values appear blue and purple) or
areas of mapped scorias 6 tuffs where possible.

NASA ASTER digital elevation models were used in
this study, obtained through the online Data Pool at the
NASA Land Processes Distributed Active Archive Cen-
ter (LP DAAC), USGS 6 Earth Resources Observation and
Science (EROS) Center, Sioux Falls, South Dakota
(https: 6 6 lpdaac.usgs.gov6 get_data). ASTER is an imag-
ing instrument on the Earth Observing System (EOS)
satellite and is used to create detailed elevation maps of
the Earth’s surface. Volcanoes generally form elevated
topography, owing to the formation of scoria cones, and
the gradual buildup of lava shields. However, many lava
shields, maars, tuff cones and older weathered centres
are low in nature, so digital elevation models were used
alongside magnetics data and satellite imagery, with
ground truthing to identify eruption centres.

Ground truthing was undertaken in early March 2012
by visiting the proposed eruption centres to confirm
their validity based on field evidence—for example the
preservation of craters, spatter ramparts and shield or
cone edifices. Samples were collected from each proven
eruption centre where practical and sent for geochemi-
cal analysis.

Absolute age estimates from literature values were
plotted alongside RGB ternary radiometric imagery
(Victoria Geoscientific Databases DVD July 2010) in
order to assess relative ages. Radiometrics works on the
principle that all rocks and soils contain naturally occur-
ring isotopes of 40K, 232Th and 238U that emit characteris-
tic gamma rays from the top 0.3�0.4 m of soil. These
gamma rays are measured by instruments onboard light
aircraft, and subsequently combined and presented as
ternary ratio element maps, whereby the elements are
represented as different colours (K red, Th green and U
blue), which become brighter with concentration.
Intense weathering causes K and U depletion, and so
fresh basalts will offer a higher response than older
weathered basalts where soil formation has been preva-
lent, and thus appear Th-enriched (green). These techni-
ques were used to confirm three phases of eruption
(Bennetts et al. 2003), and field observations such as
weathering of outcrops were used to further subdivide
the phases into older and younger groupings.

OBSERVATIONS AND RESULTS

Eruption centres

Twenty eruption centres were previously suggested in
the Hamilton area (Figure 2a; Table 1; Joyce 1975; Rose-
ngren 1994; Victoria Seamless Geology DVD October
2011). The desktop survey showed a need for ground
truthing of the centres, as some were uncertain identifi-
cations. Ground truthing then showed that 13 eruption
centres were valid, and seven were questionable. Three
undescribed eruption centres were identified in the
area, giving 16 confirmations (Figure 2b).

CONFIRMED ERUPTION CENTRES

The Hamilton area revealed two significant magmatic
volcanic complexes, one maar�cone volcanic complex
and 11 simple and two composite lava shields (Table 1
[1�16], Figure 2b).

Eruption centres, Newer Volcanics Province, Victoria 737
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GEOLOGICAL SETTING OF THE NVP

Volcanic activity in Victoria has been almost continuous
during the Cenozoic, with three peaks in volcanism
(Price et al. 2003). The NVP (the focus of this study) is
considered the youngest of these volcanic groups, which
also includes the Older Volcanics in eastern Victoria and
the Otway Ranges to the west (95�19 Ma; Day 1983) as
well as the Macedon�Trentham group northwest of Mel-
bourne (7.0�4.6 Ma; Wellman 1974; Dasch & Millar 1977;
Ewart et al. 1985; Sutherland et al. 2014). The latter
resembles the central volcanoes of New South Wales and
Queensland (Knutson & Nicholls 1989).

Although the age range of the NVP is given as a time-
span of the last ca 4.5 Ma, the ages of NVP products are
generally not well constrained, with many eruption
centres and older buried lava flows undated. This is due
to sampling bias towards younger products that are
fresher and easier to sample (Cayley et al. 1995; Edwards
et al. 2004). It is highly probable that products of NVP
composition began to erupt at ca 8 Ma or earlier. The
NVP basalts in Beaufort, northern Victoria were dated
to 6.07 § 0.11 Ma and 4.65 § 0.07 Ma (Cayley et al. 1995);
approximately 70 m of older NVP flows underlie these
basalts. In addition, Lady Julia Percy Island is consid-
ered part of the NVP—this polycyclic volcano erupted in
two phases, at 7.80 § 0.08 Ma and 6.22 § 0.06 Ma (Edwards
et al. 2004). The centre was removed from the volcanic
distribution map of Boyce (2013), owing to its older age,
and should be re-entered.

The NVP is a continental intraplate basaltic volcanic
field, containing the products of >416 late Neogene�Re-
cent eruption centres stretching 410 km from Mel-
bourne, Victoria to the Mt Burr range, southeast South
Australia (Figure 1; Ollier & Joyce 1964, 1968; Ollier 1967;
Joyce 1975; Nicholls & Joyce 1989; Lesti et al. 2008; Boyce
2013). Covering an area of >19 000 km2 (Boyce 2013), the
NVP has an estimated volume of 1300 km3 (Wellman
1971). The NVP is composed of the products of short-lived
apparently monogenetic basaltic volcanoes (Ollier &
Joyce 1964; Joyce 1975), which are defined as either sim-
ple or complex. One eruption centre (e.g. Mt Rouse) may
have more than one eruption point (vent). The simple
eruption centres are scoria cones, lava shields, maars,
ash cones 6 domes and some centres of unknown charac-
ter, which are morphologically simple with few eruption
points. The complex volcanoes are more diverse in
nature, with intricate morphologies and multiple erup-
tion points forming dominantly magmatic, maar or
maar�cone volcanic complexes (Boyce 2013). The prod-
ucts of phreatomagmatic eruptions (e.g. tuff cones) arise
owing to magma�water interaction, which is not the
case for magmatic products such as lava shields, scoria
cones and 6 or spatter cones.

The NVP is subdivided into three subprovinces on
the basis of geomorphology, viz: the Central Highlands
(a.k.a. Central Uplands), Western Plains and Mt Gambier
subprovinces (Joyce 1975; Nicholls & Joyce 1989; Price
et al. 2003) (Figure 1). The Western Plains subprovince
(the focus of this study) extends 320 km from Melbourne

Figure 1 Western Newer Volcanics Province of southeastern Australia, showing major faults (inferred by dashed lines
through basalts), Newer Volcanics outcrop and distribution of eruption centres, with the Hamilton area outlined by green
square. Modified after Boyce (2013).
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to Portland and covers an area of >14 600 km2. The West-
ern Plains basalts are characterised by extensive plains-
forming lava fields filling the subdued topography of the
Otway Basin, and the subprovince contains 42% of NVP
volcanic centres (Boyce 2013). A concentration of phrea-
tomagmatic eruption centres is found in the
Colac�Warrnambool area, attributed to magma�water
interaction with the Cenozoic sedimentary aquifers of
the Otway Basin (Joyce 1975). The Paleozoic Moyston
Fault splits the Western Plains into eastern and western
sectors, as it is the boundary between the Delamerian
and Lachlan Fold belts, which have different ages and
geological histories (Figure 1; Korsch et al. 2002; Cayley
et al. 2011). The Moyston Fault corresponds to the Mor-
tlake Discontinuity of the NVP (Price et al. 1997). East of
the discontinuity, volcanic products consist of maars,
tuff rings and large scoria cones, with abundant mantle
xenoliths and megacrysts, and higher reported Sr-isoto-
pic values of 0.7035�0.7058. Volcanic products to the west
of the Mortlake Discontinuity contain few mantle xeno-
liths or megacrysts, and have a narrower range of Sr-iso-
tope values of 0.7035�0.7047, which are believed to
indicate distinct mantle sources within the eastern and
western lithospheric mantle segments (Cooper & Green
1969; Dasch & Green 1975; Stuckless & Irving 1976;
McDonough et al. 1985; Whitehead 1986; Ewart et al. 1988;
Price et al. 1997, 2003; McBride et al. 2001; Foden et al.
2002; Demidjuk et al. 2007).

The Hamilton area (the focus of this study) lies to the
west of the Mortlake Discontinuity. This area contains
approximately seven eruption centres according to the
volcanic distribution maps of Joyce (1975); however, six
appear in Rosengren (1994), and 16 on the Victoria Seam-
less Geology DVD (October 2011). These consist of mainly
lava shields, but also two large volcanic complexes (Mt
Rouse and Mt Napier). There is therefore a need for
amalgamation of eruption centre data.

METHODS

A detailed desktop study of the Hamilton (7322) 1:100 000
map sheet area was performed utilising previously iden-
tified eruption points, ArcGIS TMI, RGB ternary radio-
metrics diagrams and seamless geology data, NASA
ASTER digital elevation models and Google Earth satel-
lite image interpretation.

Eruption points from Rosengren (1994) (based on an
unpublished manuscript by Singleton & Joyce 1969)
were correlated with and plotted alongside those con-
tained within the Victoria Seamless Geology DVD (D.
Higgins, pers. comm. 2011) onto ArcGIS and Google
Earth. The Hamilton map sheet area was examined on
Google Earth, with the options to zoom, pan, tilt and ver-
tically exaggerate the data, for both recorded and unre-
corded eruption centres. Data were then viewed in
ArcGIS, utilising seamless geology, TMI images, RGB
radiometrics ternary images and NASA ASTER digital
elevation models, where eruption centres were corre-
lated with magnetic anomalies (high values appear grey
and red, whereas low values appear blue and purple) or
areas of mapped scorias 6 tuffs where possible.

NASA ASTER digital elevation models were used in
this study, obtained through the online Data Pool at the
NASA Land Processes Distributed Active Archive Cen-
ter (LP DAAC), USGS 6 Earth Resources Observation and
Science (EROS) Center, Sioux Falls, South Dakota
(https: 6 6 lpdaac.usgs.gov6 get_data). ASTER is an imag-
ing instrument on the Earth Observing System (EOS)
satellite and is used to create detailed elevation maps of
the Earth’s surface. Volcanoes generally form elevated
topography, owing to the formation of scoria cones, and
the gradual buildup of lava shields. However, many lava
shields, maars, tuff cones and older weathered centres
are low in nature, so digital elevation models were used
alongside magnetics data and satellite imagery, with
ground truthing to identify eruption centres.

Ground truthing was undertaken in early March 2012
by visiting the proposed eruption centres to confirm
their validity based on field evidence—for example the
preservation of craters, spatter ramparts and shield or
cone edifices. Samples were collected from each proven
eruption centre where practical and sent for geochemi-
cal analysis.

Absolute age estimates from literature values were
plotted alongside RGB ternary radiometric imagery
(Victoria Geoscientific Databases DVD July 2010) in
order to assess relative ages. Radiometrics works on the
principle that all rocks and soils contain naturally occur-
ring isotopes of 40K, 232Th and 238U that emit characteris-
tic gamma rays from the top 0.3�0.4 m of soil. These
gamma rays are measured by instruments onboard light
aircraft, and subsequently combined and presented as
ternary ratio element maps, whereby the elements are
represented as different colours (K red, Th green and U
blue), which become brighter with concentration.
Intense weathering causes K and U depletion, and so
fresh basalts will offer a higher response than older
weathered basalts where soil formation has been preva-
lent, and thus appear Th-enriched (green). These techni-
ques were used to confirm three phases of eruption
(Bennetts et al. 2003), and field observations such as
weathering of outcrops were used to further subdivide
the phases into older and younger groupings.

OBSERVATIONS AND RESULTS

Eruption centres

Twenty eruption centres were previously suggested in
the Hamilton area (Figure 2a; Table 1; Joyce 1975; Rose-
ngren 1994; Victoria Seamless Geology DVD October
2011). The desktop survey showed a need for ground
truthing of the centres, as some were uncertain identifi-
cations. Ground truthing then showed that 13 eruption
centres were valid, and seven were questionable. Three
undescribed eruption centres were identified in the
area, giving 16 confirmations (Figure 2b).

CONFIRMED ERUPTION CENTRES

The Hamilton area revealed two significant magmatic
volcanic complexes, one maar�cone volcanic complex
and 11 simple and two composite lava shields (Table 1
[1�16], Figure 2b).
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Mt Rouse and Mt Napier (Figures 2b, 3a,b) are mag-
matic volcanic complexes. Mt Rouse rises 120 m above
the surrounding lava plains, and includes at least eight
eruption points in the form of a northern double scoria
cone, an early eruption centre, and a low southern
cone featuring two satellite cones (Boyce et al. 2013).
Mt Rouse is the largest eruption source in the NVP,
with flows triple the size of other volcanoes in area
covered and volume erupted; the flows extend >60 km
to the coast at Port Fairy (Sutalo 1996) and cover
>511 km2 (Boyce et al. 2012). Mt Rouse is the product of
three magma batches sourced from increasing mantle
depths (Boyce et al. 2013). Lava flows, including the
interbedded lava shield, represent a single magma
batch (Elias 1973; Whitehead 1986, 1991; Sutalo 1996;
Sutalo & Joyce 2004; Boyce et al. 2013), while the sco-
rias formed from two further magma batches (Boyce
et al. 2013). Mt Napier, whose summit forms the highest
point in the Western Plains, contains 23 eruption
points of scoria, lava and spatter cones, with lava flows
extending for 15 km westward down the Harman Val-
ley (Gill & Elmore 1974; Whitehead 1991).

The 11 simple lava shields in the Hamilton area are
Mounts Baimbridge and Pierrepoint, and Blackwood,
Bunnugal, Acacia, Picaninny, Gazette, Fox, Moutajup,
Burgers and Jays Hills (Table 1; Figure 2b). Sheepwash
Hill and Green Hills (Figures 2b, 3c, d) are lava shields,
which feature minor scoria deposits, making them com-
posite in nature.

Sheepwash Hill, 8.3 km ENE of Dunkeld, is 19 m
higher than the surrounding lava plains, approximately
0.5 km wide E�W but at least 0.8 km N�S, with a lava
escarpment on the western flank and lava flows to the
north and south. Thought to be a low lava cone (Cayley
& Taylor 1997), a recent quarry in the southeastern flank
now shows that scoria was initially produced. Green
Hills lies 14 km southeast of Mt Rouse. The size for this
eruption centres is uncertain, as a broad, low lava shield
over 1 km in diameter and 30 m overlaps the surround-
ing lava plains. The basalts are weathered, and largely
obscured by soils. However, the highest point in the area
(at a trigonometrical station) is probably the point of
eruption, with weathered lava boulders, eroded spatter
clasts and columnar jointing, along with lobes of lava
along the surrounding slopes from a late-stage flow.

Mt Baimbridge (Figure 3e), a deeply weathered lava
shield (Ollier 1967; Rosengren 1994) north of Hamilton,
has two identifiable lava flows (Bennetts et al. 2003).
These originate from the ill-defined breached crater
(Ollier & Joyce 1964), which is about 300 m wide. The
broad hill (at least 1 km across) includes gently sloping
lava flows of more than 1.5 km to the south and east.

Mt Pierrepoint (Figure 4a), another broad and low
weathered lava shield, southeast of Hamilton, has ill-
defined lava flows (Ollier & Joyce 1964; Ollier 1967).
Ollier & Joyce (1964) suggest that the crater is breached
and hard to define; however there is a clear basalt rim
along the western half, while the crater itself is breached

Figure 2 Basic maps of the Hamilton area, showing basalt cover, roads and eruption points. (a) Proposed eruption centres of
the Hamilton area. (b) Confirmed eruption centres of the Hamilton area after desktop survey and ground truthing. Volcano
numbering [1] Mt Baimbridge, [2] Mt Napier, [3] Mt Pierrepoint, [4] Mt Rouse, [5] Blackwood Hill, [6] Sheepwash Hill, [7] Bun-
nugal Hill, [8] Acacia Hill, [9] Picaninny Hill, [10] Gazette Hill, [11] Fox Hill, [12] Green Hills, [13] Moutajup Hill, [14] Jays Hill,
[15] Cas Maar and [16] Burgers Hill. Questioned eruption locations [17] GV 277, [18] GV 280 Buckley Swamp, [19] GV 285, [20]
GV 286, [21] GV 479, [22] GV 481 and [23] GV 483.
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to the northeast. Lavas extend radially for at least 1 km,
but the flow outline is indistinguishable. Bennetts et al.
(2003) suggest at least two individual flows.

Blackwood Hill (Figure 4b) is a small lava shield
7.6 km northeast of Penshurst. The eruption centre fea-
tures a base 0.75 km across, a shallow crater breached to
the west and is 40 m high. Lava flows are hard to define,
but extend at least 2 km to the west and 1 km to the
north.

Bunnugal Hill (Figure 4c) lies 2.7 km northeast of
Sheepwash Hill, 8.7 km NE of Dunkeld (Cayley & Taylor
1997). The hill is 30 m higher than the surrounding
plains, measuring approximately 1.4 km E�W and
0.9 km N�S from the buildup of lava flows. It features
lava blocks on all sides and a spattery lava escarpment
to the north. The surrounding low hummocky lava flows
probably originated from this volcanic edifice.

Picaninny Hill (Figure 4d) is a small lava shield
4.7 km NNW of Penshurst. The 20 m high hill, about

0.5 km in diameter, features prominent lava escarpments
at its edges. The lava flows are obscured in the hum-
mocky terrain, but flowed at least 1.3 km south (there is
an obvious ridge in satellite imagery), and also a short
distance to the west, north and east.

Moutajup Hill is 9.5 km WSW of Dunkeld (Figure 2).
An eruption point was not evident on the ground, but a
3 km wide hill (Figure 3a) over this broad region shows
probable lava flows extending 6 km to the west and
south. These resemble RGB radiometric signatures of
lava flows from Mounts Baimbridge and Pierrepoint,
which yield high Th responses (green), and low K and U.
This lava shield was interpreted using digital elevation
models by A. H. M. VandenBerg (A.H.M. VandenBerg
pers. comm. 2012). Bennetts et al. (2003) assigned this
eruption centre to Phase 1 eruptions.

Gazette, Burgers and Acacia Hills form three hills
between Mt Rouse and Mt Napier. They are deeply
eroded remnants of broad, low lava shields, which also

Table 1 Validated and questioned eruption centres of the Hamilton region, showing the numbering system used throughout the
research, names, coordinates and descriptions.

Validated eruption
centres (1�16) No. Name Local name Latitude Longitude Description

1 Mt Baimbridge Mt Baimbridge �37.6870 142.0222 Lava shield

2 Mt Napier, GV 268, 269 Mt Napier �37.8938 142.0582 Magmatic volcanic
complex

3 Mt Pierrepoint, GV 270 Mt Pierrepoint �37.7727 142.0584 Lava shield

4 Mt Rouse Mt Rouse �37.8837 142.3025 Magmatic volcanic
complex

5 Unnamed HN1 Blackwood Hill �37.8159 142.3368 Lava shield

6 GV 131 Sheepwash Hill �37.6224 142.4336 Lava shield

7 GV 132 Bunnugal Hill �37.5993 142.4198 Lava shield

8 GV 278 Acacia Hill �37.8646 142.2304 Lava shield

9 GV 279 Picaninny Hill �37.8346 142.2759 Lava shield

10 GV 281 Gazette Hill �37.9094 142.1559 Lava shield

11 GV 283 Fox Hill �37.9959 142.2466 Lava shield

12 GV 482 Green Hills �37.9986 142.3860 Lava shield

13 GV 480 Moutajup Hill �37.6721 142.2382 Lava shield

14 Jays Hill �37.8517 142.3479 Lava shield

15 Cas Maar, Bald Hill Bald Hill �37.7457 142.4583 Maar-cone volcanic
complex

16 Burgers Hill �37.8710 142.1810 Lava shield

Questioned eruption
centres (17�23)

17 GV 277 �37.7657 142.0979 Part of Mt Pierrepoint
lava flows

18 GV 280 Buckley Swamp �37.8495 142.0711 Buckley Swamp; part of
lava plains

19 GV 285 �37.7028 142.0687 Part of Mt Baimbridge
lavas; west of basalt
ponded lake

20 GV 286 �37.7538 142.0637 Dissected by river to east,
creating topography.
Part of Mt Pierrepoint
lava flow

21 GV 479 �37.6030 142.1435 Part of lava plains

22 GV 481 Lake Repose �37.6841 142.4425 Ponded lakes in valley
flows

23 GV 483 �37.9982 142.3737 Part of Green Hills lava
flow
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Mt Rouse and Mt Napier (Figures 2b, 3a,b) are mag-
matic volcanic complexes. Mt Rouse rises 120 m above
the surrounding lava plains, and includes at least eight
eruption points in the form of a northern double scoria
cone, an early eruption centre, and a low southern
cone featuring two satellite cones (Boyce et al. 2013).
Mt Rouse is the largest eruption source in the NVP,
with flows triple the size of other volcanoes in area
covered and volume erupted; the flows extend >60 km
to the coast at Port Fairy (Sutalo 1996) and cover
>511 km2 (Boyce et al. 2012). Mt Rouse is the product of
three magma batches sourced from increasing mantle
depths (Boyce et al. 2013). Lava flows, including the
interbedded lava shield, represent a single magma
batch (Elias 1973; Whitehead 1986, 1991; Sutalo 1996;
Sutalo & Joyce 2004; Boyce et al. 2013), while the sco-
rias formed from two further magma batches (Boyce
et al. 2013). Mt Napier, whose summit forms the highest
point in the Western Plains, contains 23 eruption
points of scoria, lava and spatter cones, with lava flows
extending for 15 km westward down the Harman Val-
ley (Gill & Elmore 1974; Whitehead 1991).

The 11 simple lava shields in the Hamilton area are
Mounts Baimbridge and Pierrepoint, and Blackwood,
Bunnugal, Acacia, Picaninny, Gazette, Fox, Moutajup,
Burgers and Jays Hills (Table 1; Figure 2b). Sheepwash
Hill and Green Hills (Figures 2b, 3c, d) are lava shields,
which feature minor scoria deposits, making them com-
posite in nature.

Sheepwash Hill, 8.3 km ENE of Dunkeld, is 19 m
higher than the surrounding lava plains, approximately
0.5 km wide E�W but at least 0.8 km N�S, with a lava
escarpment on the western flank and lava flows to the
north and south. Thought to be a low lava cone (Cayley
& Taylor 1997), a recent quarry in the southeastern flank
now shows that scoria was initially produced. Green
Hills lies 14 km southeast of Mt Rouse. The size for this
eruption centres is uncertain, as a broad, low lava shield
over 1 km in diameter and 30 m overlaps the surround-
ing lava plains. The basalts are weathered, and largely
obscured by soils. However, the highest point in the area
(at a trigonometrical station) is probably the point of
eruption, with weathered lava boulders, eroded spatter
clasts and columnar jointing, along with lobes of lava
along the surrounding slopes from a late-stage flow.

Mt Baimbridge (Figure 3e), a deeply weathered lava
shield (Ollier 1967; Rosengren 1994) north of Hamilton,
has two identifiable lava flows (Bennetts et al. 2003).
These originate from the ill-defined breached crater
(Ollier & Joyce 1964), which is about 300 m wide. The
broad hill (at least 1 km across) includes gently sloping
lava flows of more than 1.5 km to the south and east.

Mt Pierrepoint (Figure 4a), another broad and low
weathered lava shield, southeast of Hamilton, has ill-
defined lava flows (Ollier & Joyce 1964; Ollier 1967).
Ollier & Joyce (1964) suggest that the crater is breached
and hard to define; however there is a clear basalt rim
along the western half, while the crater itself is breached

Figure 2 Basic maps of the Hamilton area, showing basalt cover, roads and eruption points. (a) Proposed eruption centres of
the Hamilton area. (b) Confirmed eruption centres of the Hamilton area after desktop survey and ground truthing. Volcano
numbering [1] Mt Baimbridge, [2] Mt Napier, [3] Mt Pierrepoint, [4] Mt Rouse, [5] Blackwood Hill, [6] Sheepwash Hill, [7] Bun-
nugal Hill, [8] Acacia Hill, [9] Picaninny Hill, [10] Gazette Hill, [11] Fox Hill, [12] Green Hills, [13] Moutajup Hill, [14] Jays Hill,
[15] Cas Maar and [16] Burgers Hill. Questioned eruption locations [17] GV 277, [18] GV 280 Buckley Swamp, [19] GV 285, [20]
GV 286, [21] GV 479, [22] GV 481 and [23] GV 483.
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to the northeast. Lavas extend radially for at least 1 km,
but the flow outline is indistinguishable. Bennetts et al.
(2003) suggest at least two individual flows.

Blackwood Hill (Figure 4b) is a small lava shield
7.6 km northeast of Penshurst. The eruption centre fea-
tures a base 0.75 km across, a shallow crater breached to
the west and is 40 m high. Lava flows are hard to define,
but extend at least 2 km to the west and 1 km to the
north.

Bunnugal Hill (Figure 4c) lies 2.7 km northeast of
Sheepwash Hill, 8.7 km NE of Dunkeld (Cayley & Taylor
1997). The hill is 30 m higher than the surrounding
plains, measuring approximately 1.4 km E�W and
0.9 km N�S from the buildup of lava flows. It features
lava blocks on all sides and a spattery lava escarpment
to the north. The surrounding low hummocky lava flows
probably originated from this volcanic edifice.

Picaninny Hill (Figure 4d) is a small lava shield
4.7 km NNW of Penshurst. The 20 m high hill, about

0.5 km in diameter, features prominent lava escarpments
at its edges. The lava flows are obscured in the hum-
mocky terrain, but flowed at least 1.3 km south (there is
an obvious ridge in satellite imagery), and also a short
distance to the west, north and east.

Moutajup Hill is 9.5 km WSW of Dunkeld (Figure 2).
An eruption point was not evident on the ground, but a
3 km wide hill (Figure 3a) over this broad region shows
probable lava flows extending 6 km to the west and
south. These resemble RGB radiometric signatures of
lava flows from Mounts Baimbridge and Pierrepoint,
which yield high Th responses (green), and low K and U.
This lava shield was interpreted using digital elevation
models by A. H. M. VandenBerg (A.H.M. VandenBerg
pers. comm. 2012). Bennetts et al. (2003) assigned this
eruption centre to Phase 1 eruptions.

Gazette, Burgers and Acacia Hills form three hills
between Mt Rouse and Mt Napier. They are deeply
eroded remnants of broad, low lava shields, which also

Table 1 Validated and questioned eruption centres of the Hamilton region, showing the numbering system used throughout the
research, names, coordinates and descriptions.

Validated eruption
centres (1�16) No. Name Local name Latitude Longitude Description

1 Mt Baimbridge Mt Baimbridge �37.6870 142.0222 Lava shield

2 Mt Napier, GV 268, 269 Mt Napier �37.8938 142.0582 Magmatic volcanic
complex

3 Mt Pierrepoint, GV 270 Mt Pierrepoint �37.7727 142.0584 Lava shield

4 Mt Rouse Mt Rouse �37.8837 142.3025 Magmatic volcanic
complex

5 Unnamed HN1 Blackwood Hill �37.8159 142.3368 Lava shield

6 GV 131 Sheepwash Hill �37.6224 142.4336 Lava shield

7 GV 132 Bunnugal Hill �37.5993 142.4198 Lava shield

8 GV 278 Acacia Hill �37.8646 142.2304 Lava shield

9 GV 279 Picaninny Hill �37.8346 142.2759 Lava shield

10 GV 281 Gazette Hill �37.9094 142.1559 Lava shield

11 GV 283 Fox Hill �37.9959 142.2466 Lava shield

12 GV 482 Green Hills �37.9986 142.3860 Lava shield

13 GV 480 Moutajup Hill �37.6721 142.2382 Lava shield

14 Jays Hill �37.8517 142.3479 Lava shield

15 Cas Maar, Bald Hill Bald Hill �37.7457 142.4583 Maar-cone volcanic
complex

16 Burgers Hill �37.8710 142.1810 Lava shield

Questioned eruption
centres (17�23)

17 GV 277 �37.7657 142.0979 Part of Mt Pierrepoint
lava flows

18 GV 280 Buckley Swamp �37.8495 142.0711 Buckley Swamp; part of
lava plains

19 GV 285 �37.7028 142.0687 Part of Mt Baimbridge
lavas; west of basalt
ponded lake

20 GV 286 �37.7538 142.0637 Dissected by river to east,
creating topography.
Part of Mt Pierrepoint
lava flow

21 GV 479 �37.6030 142.1435 Part of lava plains

22 GV 481 Lake Repose �37.6841 142.4425 Ponded lakes in valley
flows

23 GV 483 �37.9982 142.3737 Part of Green Hills lava
flow
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show high Th responses (green) similar to earlier erup-
tions in the area (e.g. Moutajup Hill). Lava flows of Mt
Rouse abut the eastern and southern edges of all three
centres, partly obscuring the underlying lava flows. Aca-
cia Hill is 5.5 km WNWof Penshurst. It is a broad, gently
sloping but prominent hill, 30 m high, measuring
roughly 1.3 km N�S, and 3 km E�Waccording to digital
elevation models. No crater is evident within its weath-
ered lava escarpments. Burgers Hill lies 4.5 km WSW of
Acacia Hill. Mt Rouse lava flows fill the low topography

between the two eruption centres. No eruption points
were visible because of land clearing. The eruption cen-
tre, 2 km across, suggests a broad shallow crater. Lavas
appear to have flowed towards the northwest, as sug-
gested by radiometrics and digital elevation models.
Gazette Hill, the largest of the three centres, is >3 km
across but with a low gradient. Suitable images of the
three eruption centres were hindered by their low pro-
files and the abundance of trees, and lack of outcrop hin-
dered sampling of Burgers Hill and Gazette Hill.

Figure 3 Magmatic volcanic complexes of (a) Mt Rouse, looking SE from Acacia Hill (6.5 km) and (b) Mt Napier, lookingW from
the summit of Mt Rouse (20 km). Lava shields of (c) Sheepwash Hill (0.5 km from summit, looking W), (d) Green Hills (0.6 km
from summit, looking W) and (e) Mt Baimbridge (1.2 km from summit, looking NE).
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Fox Hill lies 13 km SE of Mt Rouse, whose flows
completely surround this eruption centre (Figure 2). The
exposed portion of Fox Hill is >4 km in diameter, associ-
ated with a hill, has a similar radiometrics response to
Mt Pierrepoint (high Th, low K and U; green). This old
eroded centre has been cleared for grazing and therefore
lacks a definitive eruption point.

Jays Hill (Figure 4e), 5.7 km NE of Penshurst, was
first defined as an eruption centre from satellite imagery
on Google Earth, and is a very low hill with radiating
lava flows (Figure 5a, b). Magnetics imagery shows a
high (red) (Figure 5c) over the edifice, which is 0.5 km in
diameter and only 9 m in height. Loose basalt blocks are
scattered over the flanks, although most of the hill has
been cleared, with large blocks up to 3 m in diameter

piled at the top. Lava flowed south for at least 1 km, but
the flow is partly obscured by younger flows of Mt Rouse
and is therefore older. A single K�Ar date of 1.95 § 0.02
Ma (Gray & McDougall 2009) was obtained for outcrop
beside the Hamilton Highway 1.8 km SE of the eruption
point, which lies beyond the lava flows of Mt Rouse, and
probably relates to material from Jays Hill.

A large maar�cone volcanic complex was discovered
from satellite imagery south of the Glenelg Highway,
37 km east of Hamilton. The maar (unofficially named
Cas Maar, after Ray Cas) features an asymmetrical cra-
ter up to 0.9 km wide with a rim 30 m above the sur-
rounding plains and a probable scoria cone to the south
(Bald Hill) (Figure 6a, b). An alternating sequence of sco-
riaceous tuffs and spattery lava flows dip away from the

Figure 4 Lava shields of (a) Mt Pierrepoint (3.8 km from summit, looking N), (b) Blackwood Hill (3.4 km from summit, looking
W), (c) Bunnugal Hill (1 km from summit, looking NW), (d) Picaninny Hill (1 km from summit, looking N), and (e) Jays Hill
(0.8 km from summit, looking NE).
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show high Th responses (green) similar to earlier erup-
tions in the area (e.g. Moutajup Hill). Lava flows of Mt
Rouse abut the eastern and southern edges of all three
centres, partly obscuring the underlying lava flows. Aca-
cia Hill is 5.5 km WNWof Penshurst. It is a broad, gently
sloping but prominent hill, 30 m high, measuring
roughly 1.3 km N�S, and 3 km E�Waccording to digital
elevation models. No crater is evident within its weath-
ered lava escarpments. Burgers Hill lies 4.5 km WSW of
Acacia Hill. Mt Rouse lava flows fill the low topography

between the two eruption centres. No eruption points
were visible because of land clearing. The eruption cen-
tre, 2 km across, suggests a broad shallow crater. Lavas
appear to have flowed towards the northwest, as sug-
gested by radiometrics and digital elevation models.
Gazette Hill, the largest of the three centres, is >3 km
across but with a low gradient. Suitable images of the
three eruption centres were hindered by their low pro-
files and the abundance of trees, and lack of outcrop hin-
dered sampling of Burgers Hill and Gazette Hill.

Figure 3 Magmatic volcanic complexes of (a) Mt Rouse, looking SE from Acacia Hill (6.5 km) and (b) Mt Napier, lookingW from
the summit of Mt Rouse (20 km). Lava shields of (c) Sheepwash Hill (0.5 km from summit, looking W), (d) Green Hills (0.6 km
from summit, looking W) and (e) Mt Baimbridge (1.2 km from summit, looking NE).
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Fox Hill lies 13 km SE of Mt Rouse, whose flows
completely surround this eruption centre (Figure 2). The
exposed portion of Fox Hill is >4 km in diameter, associ-
ated with a hill, has a similar radiometrics response to
Mt Pierrepoint (high Th, low K and U; green). This old
eroded centre has been cleared for grazing and therefore
lacks a definitive eruption point.

Jays Hill (Figure 4e), 5.7 km NE of Penshurst, was
first defined as an eruption centre from satellite imagery
on Google Earth, and is a very low hill with radiating
lava flows (Figure 5a, b). Magnetics imagery shows a
high (red) (Figure 5c) over the edifice, which is 0.5 km in
diameter and only 9 m in height. Loose basalt blocks are
scattered over the flanks, although most of the hill has
been cleared, with large blocks up to 3 m in diameter

piled at the top. Lava flowed south for at least 1 km, but
the flow is partly obscured by younger flows of Mt Rouse
and is therefore older. A single K�Ar date of 1.95 § 0.02
Ma (Gray & McDougall 2009) was obtained for outcrop
beside the Hamilton Highway 1.8 km SE of the eruption
point, which lies beyond the lava flows of Mt Rouse, and
probably relates to material from Jays Hill.

A large maar�cone volcanic complex was discovered
from satellite imagery south of the Glenelg Highway,
37 km east of Hamilton. The maar (unofficially named
Cas Maar, after Ray Cas) features an asymmetrical cra-
ter up to 0.9 km wide with a rim 30 m above the sur-
rounding plains and a probable scoria cone to the south
(Bald Hill) (Figure 6a, b). An alternating sequence of sco-
riaceous tuffs and spattery lava flows dip away from the

Figure 4 Lava shields of (a) Mt Pierrepoint (3.8 km from summit, looking N), (b) Blackwood Hill (3.4 km from summit, looking
W), (c) Bunnugal Hill (1 km from summit, looking NW), (d) Picaninny Hill (1 km from summit, looking N), and (e) Jays Hill
(0.8 km from summit, looking NE).
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Figure 5 (a) Low profile of Jays Hill lava shield, with Mt Rouse in the background; (b) Google Earth satellite image of Jays Hill
showing the circular nature of the lava shield and radial lava flows to the S; and (c) magnetic imagery around Mt Rouse show-
ing magnetic anomalies associated with the lava shields of Jays Hill [14], Picaninny Hill [9] and Blackwood Hill [5], and the sco-
ria cones of Mt Rouse [4]. Black line is the northern edge of the Mt Rouse lava flows

742 J. A. Boyce et al.
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crater (Figure 6c, d), which is 10 m lower than the rim.
Volcanic material is well preserved at the Cas Maar
eruption centre, providing fresh samples. The maar
includes at least two points of eruption owing to its scal-
loped shape. During the violent phreatomagmatic frag-
mentation event, xenoliths of country rock were
incorporated into the magma and are ubiquitous
throughout the lavas and scoriaceous tuffs down to milli-
metre-sized clasts. The xenoliths resemble fragments of
the adjacent Paleozoic Bushy Creek Granodiorite (e.g.
porphyritic phase G395b; Whelan et al. 2007), which must
underlie the Cas Maar volcanic complex. This eruption
centre constitutes the most northern maar in the West-
ern Plains subprovince, lying 45 km north of the Camp-
erdown region maars, where magmas interacted with
the aquifers in the Otway Basin sediments (Joyce 1975).
The maar rim shows a prominent 300 m (a.s.l.) hill on
the digital elevation models, with similar heights for
just over 1 km north and northwest of the maar crater.
The maar rim sequence was mapped as a tuff ring (e.g.

Victoria—Seamless Geology DVDOctober 2011) but lacks
published detail or assignment as an eruption point by
DPI.

QUESTIONED ERUPTION CENTRES

Seven previously suggested eruption centres are placed
into question here based on both field and laboratory
observations, with five forming part of adjacent centres.

Three points relate to Mt Pierrepoint: GV277 [17],
GV280 [18] and GV286 [20] (Figure 2a). The Victoria
Seamless Geology DVD (October 2011) located an erup-
tion point at Buckley Swamp (GV280; Table 1 [18]). Here,
two circular depressions near the edge of the Mt Napier
lava flows are not volcanic craters, but dried swamp,
ponded in the low-lying parts of the lava plain. Digital
elevation models show the area to be slightly raised,
without a significant magnetic response. Owing to the
undulating topography in this area, Buckley Swamp is
considered only part of the underlying plains basalt.

Figure 6 Cas Maar (maar�cone complex) showing: (a) the wide asymmetrical maar, approximately 0.9 km across; (b) the east-
ern maar-rim sequence showing two layers of spattery lava; (c) lower sequence of spattery lavas underlain by scoriaceous tuff
(covered by vegetation); and (d) upper sequence of spattery lavas and scoriaceous tuff showing sharp contact between the two
materials. Hammer is 40 cm long.

Eruption centres, Newer Volcanics Province, Victoria 743

D
ow

nl
oa

de
d 

by
 [M

on
as

h 
U

ni
ve

rs
ity

 L
ib

ra
ry

] a
t 2

0:
43

 1
8 

M
ay

 2
01

5 

Chapter 3



93

Chapter 3TAJE_A_923508.3d (TAJE) (210£274mm) 07-07-2014 19:28

Figure 5 (a) Low profile of Jays Hill lava shield, with Mt Rouse in the background; (b) Google Earth satellite image of Jays Hill
showing the circular nature of the lava shield and radial lava flows to the S; and (c) magnetic imagery around Mt Rouse show-
ing magnetic anomalies associated with the lava shields of Jays Hill [14], Picaninny Hill [9] and Blackwood Hill [5], and the sco-
ria cones of Mt Rouse [4]. Black line is the northern edge of the Mt Rouse lava flows
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crater (Figure 6c, d), which is 10 m lower than the rim.
Volcanic material is well preserved at the Cas Maar
eruption centre, providing fresh samples. The maar
includes at least two points of eruption owing to its scal-
loped shape. During the violent phreatomagmatic frag-
mentation event, xenoliths of country rock were
incorporated into the magma and are ubiquitous
throughout the lavas and scoriaceous tuffs down to milli-
metre-sized clasts. The xenoliths resemble fragments of
the adjacent Paleozoic Bushy Creek Granodiorite (e.g.
porphyritic phase G395b; Whelan et al. 2007), which must
underlie the Cas Maar volcanic complex. This eruption
centre constitutes the most northern maar in the West-
ern Plains subprovince, lying 45 km north of the Camp-
erdown region maars, where magmas interacted with
the aquifers in the Otway Basin sediments (Joyce 1975).
The maar rim shows a prominent 300 m (a.s.l.) hill on
the digital elevation models, with similar heights for
just over 1 km north and northwest of the maar crater.
The maar rim sequence was mapped as a tuff ring (e.g.

Victoria—Seamless Geology DVDOctober 2011) but lacks
published detail or assignment as an eruption point by
DPI.

QUESTIONED ERUPTION CENTRES

Seven previously suggested eruption centres are placed
into question here based on both field and laboratory
observations, with five forming part of adjacent centres.

Three points relate to Mt Pierrepoint: GV277 [17],
GV280 [18] and GV286 [20] (Figure 2a). The Victoria
Seamless Geology DVD (October 2011) located an erup-
tion point at Buckley Swamp (GV280; Table 1 [18]). Here,
two circular depressions near the edge of the Mt Napier
lava flows are not volcanic craters, but dried swamp,
ponded in the low-lying parts of the lava plain. Digital
elevation models show the area to be slightly raised,
without a significant magnetic response. Owing to the
undulating topography in this area, Buckley Swamp is
considered only part of the underlying plains basalt.

Figure 6 Cas Maar (maar�cone complex) showing: (a) the wide asymmetrical maar, approximately 0.9 km across; (b) the east-
ern maar-rim sequence showing two layers of spattery lava; (c) lower sequence of spattery lavas underlain by scoriaceous tuff
(covered by vegetation); and (d) upper sequence of spattery lavas and scoriaceous tuff showing sharp contact between the two
materials. Hammer is 40 cm long.
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Buckley Swamp may form the southerly expression of
Mt Pierrepoint’s (8.23 km north) lava flows, which are
difficult to distinguish. GV286 (Table 1 [20]) is also part
of Mt Pierrepoint’s lava flows; at 2.15 km NNE of the cra-
ter, ground truthing revealed part of a lava flow. There is
no hill at this point, or a TMI anomaly. Radiometrics
shows low K and U, but high Th (green), and links to the
Mt Pierrepoint edifice. GV277 (Table 1 [13]) is in Tarring-
ton, at the football oval, which is not a vent. According to
the digital elevation models, the seamless geology erup-
tion point is centred near a large roughly circular hill
measuring approximately 5 km diameter. TMI shows
high responses that are identical to Mt Pierrepoint,
while radiometrics are green, also identical to Mt Pierre-
point. In the field no outcrop suggests an eruption point,
but it could underlie the Tarrington township. Although
within a general hill on the digital elevation models, a
low area between this feature and Mt Pierrepoint is also
visible in satellite imagery and formed by paleostreams
cutting around the edge of the Mt Pierrepoint edifice in
a wide arc. Three present-day streams also have their
heads towards GV277. Erosion has obscured the region,
with Muddy Creek river systems cutting a valley around
the western slopes of Mt Pierrepoint to form Muddy
Creek, into which the present-day streams and paleo-
streams flow. Bennetts et al. (2003) mapped a basalt flow
from Mt Pierrepoint extending west to Lake Kennedy, so
GV277 is part of the Mt Pierrepoint eruption centre,
which created a substantial stony rises type lava flow
that has since been eroded by rivers and streams over ca
4 Ma.

One questioned point, GV285 (Table 1 [19]), 4.3 km
southeast of Mt Baimbridge adjacent to Lake Doling Dol-
ing, lies among undulating lava plains with many simi-
lar-sized hills, and no field evidence of eruption either
from the hill or the lake. The site is unremarkable on dig-
ital elevation models and similar to the peak of Mt Baim-
bridge on radiometrics imagery. Bennetts et al. (2003)
trace the Mt Baimbridge flow across this point east to
Strathkellar using radiometric mapping and isotopic
domains.

GV 483 (Table 1 [22]), on the western flank of Green
Hills 1.06 km from the summit, is not interpreted to be a
secondary eruption point. Green Hill is a broad low lava
shield, with a stream between the two points, which, on
gravity and radiometrics, are seen as one feature. There
is no field evidence for an eruption point, only that it
forms part of the westerly lava flow of Green Hills.

GV481 [22] lies 10 km ESE of Dunkeld at Lake Repose.
The area was considered an eruption point from geomor-
phic and radiometric data only (D. Bennetts, pers.
comm. 2012). The lakes in the area are ponded in basalt
flows; no evidence of an eruption exists in this area, and
the lakes are not maars. Lake Repose lies on basalts
most likely from Sheepwash Hill to the north and 6 or the
Cas Maar to the south.

GV479 (21) lies southwest of Karabeal, a former
swamp. Assigned on the basis of being a hill on digital
elevation models (A.H.M. VandenBerg, pers. comm.
2012), no field evidence supports an eruption in this
area. Although the area is elevated, there is a low gradi-
ent of 0.01 (40 m over 3.2 km), and there are no magnetic
anomalies. In radiometrics, the area shows a similar

response to Phase 2 basalts (Bennetts et al. 2003; see
below). Other volcanoes of this age are eroded but still
display evidence of eruption.

RELATIVE AGES

Three phases of volcanic activity characterise the Hamil-
ton area based on radiometric imagery, early landform
mapping and isotopic domain mapping (Gibbons & Gill
1964; Ollier & Joyce 1986; Martin & Meyer 1987; Mann
et al. 1992; Bennetts et al. 2003). The first-phase basalts
have ages of >4 Ma, the second ca 2 Ma and the third
<0.5 Ma (Bennetts et al. 2003). The three phases were con-
firmed in this study using a combination of absolute
ages from literature values, RGB radiometric ternary
images and field-based observations (Figure 7). All three
phases can be split into older and younger groupings
based on the preservation of outcrop.

The majority of Phase 1 basalts outcrop to the west of
the Hamilton area, with isolated centres elsewhere.
Radiometrics show high Th but low K and U, appearing
green. The oldest volcanoes of Phase 1 are Fox, Mou-
tajup, Burgers, Gazette and Acacia Hills; the latter three
are all abutted by the lava flows of Mt Rouse, while Fox
Hill is completely surrounded by Mt Rouse lavas. The
centres are all severely eroded, and local soil cover
obscures the location of vents, superposition relation-
ships and collection of representative samples. Later
Phase 1 eruption centres are Green Hills at Minhamite
(also abutted by Mt Rouse flows), Bunnugal Hill and
Mounts Baimbridge and Pierrepoint. Although severely
eroded, outcrops, such as spatter ramparts, are pre-
served at each centre; Mt Pierrepoint has a K�Ar age of
4.0 § 0.1 Ma (McDougall et al. 1966; Gibson 2007). Basalt
at Grange Burn, just outside the Hamilton map area,
was dated to 4.6 Ma (Turnbull et al. 1965; Gibson 2007),
and is most likely related to Mt Baimbridge. This age
also means that the eroded centres in the Hamilton area
(e.g. Moutajup Hill) are likely to be older than 5 Ma.

Phase 2 basalts outcrop mainly north and east of
Hamilton. Eruption centres include Picaninny and Jays
Hill, whose flows are abutted or covered by those of Mt
Rouse, as well as Sheepwash Hill. Jays Hill has a K�Ar
age of 1.95 § 0.02 Ma (Gray & McDougall 2009). Radiomet-
rics appear blue�green, owing to their moderate Th and
K responses and low U.

Phase 3 eruption centres include Mounts Rouse and
Napier, which are both substantial edifices. Mt Rouse
has been dated to 0.294�0.38 Ma in several studies using
K�Ar and Ar�Ar (McDougall & Gill 1975; Ollier 1985;
Gray & McDougall 2009; Matchan & Phillips 2011), while
Mt Napier has been dated at 32 § 3 Ka, dated by 36Cl
exposure dating (Stone et al. 1997). Radiometrics show
high K signatures, thus appearing red, with Mt Napier
more so owing to its younger age.

The Cas Maar has been placed in Phase 3, despite
being radiometrically similar to Phase 2 eruption
centres. The phreatomagmatic deposits at the Cas Maar,
with their fragmented and fine-grained sizes, would
weather faster than the lava flows, which dominate the
Hamilton area. This would affect their response on
radiometric imagery, making them appear older than
they actually are.
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Figure 7 Relative ages of eruption centres in the Hamilton area, and the superposition of the volcanoes in relation to each
other and the major and local faults in the pre-basaltic underlying rocks. Age dating in superscript: 1McDougall et al. (1966)
(K�Ar), 2McDougall & Gill (1975), 3Ollier (1985) (K�Ar), 4Stone et al. (1997) (36Cl), 5Gray & McDougall (2009) (K�Ar), 6Matchan
& Phillips (2011) (40Ar�39Ar), 7Turnbull et al. (1965) (K�Ar), and 8Gibson (2007). Volcano numbers as in Figure 2.
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Buckley Swamp may form the southerly expression of
Mt Pierrepoint’s (8.23 km north) lava flows, which are
difficult to distinguish. GV286 (Table 1 [20]) is also part
of Mt Pierrepoint’s lava flows; at 2.15 km NNE of the cra-
ter, ground truthing revealed part of a lava flow. There is
no hill at this point, or a TMI anomaly. Radiometrics
shows low K and U, but high Th (green), and links to the
Mt Pierrepoint edifice. GV277 (Table 1 [13]) is in Tarring-
ton, at the football oval, which is not a vent. According to
the digital elevation models, the seamless geology erup-
tion point is centred near a large roughly circular hill
measuring approximately 5 km diameter. TMI shows
high responses that are identical to Mt Pierrepoint,
while radiometrics are green, also identical to Mt Pierre-
point. In the field no outcrop suggests an eruption point,
but it could underlie the Tarrington township. Although
within a general hill on the digital elevation models, a
low area between this feature and Mt Pierrepoint is also
visible in satellite imagery and formed by paleostreams
cutting around the edge of the Mt Pierrepoint edifice in
a wide arc. Three present-day streams also have their
heads towards GV277. Erosion has obscured the region,
with Muddy Creek river systems cutting a valley around
the western slopes of Mt Pierrepoint to form Muddy
Creek, into which the present-day streams and paleo-
streams flow. Bennetts et al. (2003) mapped a basalt flow
from Mt Pierrepoint extending west to Lake Kennedy, so
GV277 is part of the Mt Pierrepoint eruption centre,
which created a substantial stony rises type lava flow
that has since been eroded by rivers and streams over ca
4 Ma.

One questioned point, GV285 (Table 1 [19]), 4.3 km
southeast of Mt Baimbridge adjacent to Lake Doling Dol-
ing, lies among undulating lava plains with many simi-
lar-sized hills, and no field evidence of eruption either
from the hill or the lake. The site is unremarkable on dig-
ital elevation models and similar to the peak of Mt Baim-
bridge on radiometrics imagery. Bennetts et al. (2003)
trace the Mt Baimbridge flow across this point east to
Strathkellar using radiometric mapping and isotopic
domains.

GV 483 (Table 1 [22]), on the western flank of Green
Hills 1.06 km from the summit, is not interpreted to be a
secondary eruption point. Green Hill is a broad low lava
shield, with a stream between the two points, which, on
gravity and radiometrics, are seen as one feature. There
is no field evidence for an eruption point, only that it
forms part of the westerly lava flow of Green Hills.

GV481 [22] lies 10 km ESE of Dunkeld at Lake Repose.
The area was considered an eruption point from geomor-
phic and radiometric data only (D. Bennetts, pers.
comm. 2012). The lakes in the area are ponded in basalt
flows; no evidence of an eruption exists in this area, and
the lakes are not maars. Lake Repose lies on basalts
most likely from Sheepwash Hill to the north and 6 or the
Cas Maar to the south.

GV479 (21) lies southwest of Karabeal, a former
swamp. Assigned on the basis of being a hill on digital
elevation models (A.H.M. VandenBerg, pers. comm.
2012), no field evidence supports an eruption in this
area. Although the area is elevated, there is a low gradi-
ent of 0.01 (40 m over 3.2 km), and there are no magnetic
anomalies. In radiometrics, the area shows a similar

response to Phase 2 basalts (Bennetts et al. 2003; see
below). Other volcanoes of this age are eroded but still
display evidence of eruption.

RELATIVE AGES

Three phases of volcanic activity characterise the Hamil-
ton area based on radiometric imagery, early landform
mapping and isotopic domain mapping (Gibbons & Gill
1964; Ollier & Joyce 1986; Martin & Meyer 1987; Mann
et al. 1992; Bennetts et al. 2003). The first-phase basalts
have ages of >4 Ma, the second ca 2 Ma and the third
<0.5 Ma (Bennetts et al. 2003). The three phases were con-
firmed in this study using a combination of absolute
ages from literature values, RGB radiometric ternary
images and field-based observations (Figure 7). All three
phases can be split into older and younger groupings
based on the preservation of outcrop.

The majority of Phase 1 basalts outcrop to the west of
the Hamilton area, with isolated centres elsewhere.
Radiometrics show high Th but low K and U, appearing
green. The oldest volcanoes of Phase 1 are Fox, Mou-
tajup, Burgers, Gazette and Acacia Hills; the latter three
are all abutted by the lava flows of Mt Rouse, while Fox
Hill is completely surrounded by Mt Rouse lavas. The
centres are all severely eroded, and local soil cover
obscures the location of vents, superposition relation-
ships and collection of representative samples. Later
Phase 1 eruption centres are Green Hills at Minhamite
(also abutted by Mt Rouse flows), Bunnugal Hill and
Mounts Baimbridge and Pierrepoint. Although severely
eroded, outcrops, such as spatter ramparts, are pre-
served at each centre; Mt Pierrepoint has a K�Ar age of
4.0 § 0.1 Ma (McDougall et al. 1966; Gibson 2007). Basalt
at Grange Burn, just outside the Hamilton map area,
was dated to 4.6 Ma (Turnbull et al. 1965; Gibson 2007),
and is most likely related to Mt Baimbridge. This age
also means that the eroded centres in the Hamilton area
(e.g. Moutajup Hill) are likely to be older than 5 Ma.

Phase 2 basalts outcrop mainly north and east of
Hamilton. Eruption centres include Picaninny and Jays
Hill, whose flows are abutted or covered by those of Mt
Rouse, as well as Sheepwash Hill. Jays Hill has a K�Ar
age of 1.95 § 0.02 Ma (Gray & McDougall 2009). Radiomet-
rics appear blue�green, owing to their moderate Th and
K responses and low U.

Phase 3 eruption centres include Mounts Rouse and
Napier, which are both substantial edifices. Mt Rouse
has been dated to 0.294�0.38 Ma in several studies using
K�Ar and Ar�Ar (McDougall & Gill 1975; Ollier 1985;
Gray & McDougall 2009; Matchan & Phillips 2011), while
Mt Napier has been dated at 32 § 3 Ka, dated by 36Cl
exposure dating (Stone et al. 1997). Radiometrics show
high K signatures, thus appearing red, with Mt Napier
more so owing to its younger age.

The Cas Maar has been placed in Phase 3, despite
being radiometrically similar to Phase 2 eruption
centres. The phreatomagmatic deposits at the Cas Maar,
with their fragmented and fine-grained sizes, would
weather faster than the lava flows, which dominate the
Hamilton area. This would affect their response on
radiometric imagery, making them appear older than
they actually are.
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Figure 7 Relative ages of eruption centres in the Hamilton area, and the superposition of the volcanoes in relation to each
other and the major and local faults in the pre-basaltic underlying rocks. Age dating in superscript: 1McDougall et al. (1966)
(K�Ar), 2McDougall & Gill (1975), 3Ollier (1985) (K�Ar), 4Stone et al. (1997) (36Cl), 5Gray & McDougall (2009) (K�Ar), 6Matchan
& Phillips (2011) (40Ar�39Ar), 7Turnbull et al. (1965) (K�Ar), and 8Gibson (2007). Volcano numbers as in Figure 2.
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GEOCHEMISTRY OF THE VOLCANICS

Thirteen representative samples were selected from the
eruption centres of the Hamilton area for reconnais-
sance geochemical analysis to complement existing
large geochemical data sets for Mt Rouse and Mt Napier.
Four samples were from the Cas Maar, where a diverse
range of eruption products were found. Bulk cleaned
samples were sent to the Geoscience Laboratories, Sud-
bury, Canada, where they were pulverised and analysed
for major and trace elements by XRF and ICP�MS,
respectively. Normalised major element data are
shown in Table 2. Total iron was reported as Fe2O3; FeO
and Fe2O3 contents were recalculated assuming
Fe2O36 FeOtotal D 0.15.

CIPW norms were used to classify the rocks as alka-
line (normative nepheline in the range 0�5%), transi-
tional (normative hypersthene § normative quartz
<10%) or tholeiitic (normative hypersthene § normative
quartz >10%) (Table 2; Price et al. 1997). The majority of
tholeiites belonged to Phase 1. The larger eruption
centres (Mt Rouse, Mt Napier and the Cas Maar) show
variation from alkaline to transitional basalts.

The products of the Phase 1 and 2 lava shields classify
as basalt (sensu stricto; both alkali and subalkali) when
plotted on a TAS diagram (Figure 8). Phase 3 eruption
centres cover a wider range of compositions, with Mt
Napier ranging from subalkali basalt to trachybasalt, Mt
Rouse subalkali basalt to basanite and the Cas Maar tra-
chybasalt. The volcanic products have similar rare earth
element (REE) patterns to those of an average Ocean
Island Basalt (OIB) (Figure 9a, b). They are characteristi-
cally depleted in heavy rare earth element (HREE),
which suggests magma sources in garnet-bearing man-
tle. In the region of the NVP, this corresponds to depths
of >55 km (O’Reilly & Griffin 1985). Phase 1 basalts have
lower REE contents than those of Phase 2 (Figure 9a).
This suggests there was a change in chemistry from
Phase 1 to 2 to more alkaline products with greater
enrichment in incompatible elements. However, only
single samples were available from most individual
eruption centres. Phase 2 basalts and Moutajup Hill
(Phase 1) have prominent negative Ce anomalies, which
could be due to localised incipient weathering, a feature
observed in other NVP basalts (Price et al. 1991). Phase 3
products (Figure 9b) cover a wider range of composi-
tions, all depleted in HREE with respect to OIB. Mt Nap-
ier has compositions similar to the Phase 1 basalts,
while Mt Rouse shows clear evidence for three magma
batches, with pyroclastic products featuring the greatest
light rare earth element (LREE) enrichment, while the
lavas are similar to Phase 1 basalts (Boyce et al. 2013).
The Cas Maar is similar to Mt Rouse in that its products
feature high LREE contents, the La6 Yb ratios of which
lie between those of two of the Mt Rouse magma batches.

Primitive mantle normalised incompatible element
plots for the Hamilton area are shown in Figure 9c, d.
The Hamilton products are similar to OIB; Phases 1 and
2 are slightly depleted with respect to OIB, while the Cas
Maar and the scoriaceous products of Mt Rouse (upper-
most batches on incompatible element diagrams) are
enriched in highly incompatible elements. The incom-
patibles therefore also show a trend of increasing

enrichment over time, but with decreasing K to produce
negative anomalies. The increased trace element content
of these products must reflect the metasomatised nature
of the underlying mantle, which is thought to have
undergone at least three metasomatic events (O’Reilly &
Griffin 1988; Griffin et al. 1988). These were at 500�300
Ma (garnet pyroxenites associated with recycled crust,
with high 87Sr 6 86Sr); 60 Ma to present (wehrlitic pyrox-
enites associated with mantle array Sr�Nd values); and
more recent local metasomatic overprinting from carbo-
natitic fluids and silicate melts (Yaxley et al. 1991, 1996;
Powell et al. 2004; O’Reilly & Griffin 2013). The result of
these metasomatic events was the enrichment of incom-
patible trace elements in the mantle during modal meta-
somatism, which is the addition of minerals normally
uncommon in peridotite, deposited by metasomatic flu-
ids. Examples include the addition of apatite, which
leads to the enrichment of REE, Sr, U, and Th; and mica
and 6 or amphibole, leading to K, Ba, Nb and Ta enrich-
ment (O’Reilly & Griffin 2013). All of these enrichments
are seen in the products of the Hamilton area and else-
where in the NVP; and amphibole, mica and apatite are
found in xenoliths of the NVP (O’Reilly et al. 1989). The
K-anomalies of the basalts could reflect either increased
stabilisation of residual phlogopite and 6 or amphibole in
the source (owing to metasomatism), decreasing degrees
of source melting (see below), or both. It is therefore
implied that metasomatism increases with depth in the
lithospheric mantle, as the products of Hamilton
increase in trace element content over time. However,
more detailed geochemical analysis should be performed
on individual eruption centres. The mantle beneath the
NVP has been inferred to be heterogeneous on scales
from centimetres to around 1 km (McDonough & McCul-
loch 1987; O’Reilly & Griffin 1988; O’Reilly et al. 1989).

The volcanic products around Hamilton do not show
geochemical evidence for crustal contamination as all
plot along the mantle array on variation diagrams (e.g.
Th 6 Yb vs Nb6 Yb; Figure 10a) designed to highlight
crustal influence (Pearce 2008). Ratios such as Nb 6 Yb
and Gd 6 Yb may be used as proxies for degrees of mantle
source partial melting, with lower ratios indicating
increased percent partial melting (Pearce 2008). The
Phase 1 and 2 eruption centres, plus Mt Napier and Mt
Rouse lava flows, suggest relatively larger degrees of
mantle partial melting from a source similar to those of
OIB; the more alkaline products of the Cas Maar and the
scoria cones of Mt Rouse were probably related to lower
degrees of melting. The high Sr contents (up to
1100 ppm) of samples from the Cas Maar and Mt Rouse
scoria cones indicate parental magmas probably formed
by lower degrees of partial mantle melting than other
Hamilton eruption products with lower Sr contents (up
to 638 ppm Sr; Figure 10b). The degree of mantle partial
melting involved in melt generation is usually inversely
proportional to the melting depth (Langmuir et al. 1992).
The depth of magma generation of the Hamilton volcanic
products can be assessed by the ratio Gd 6 Yb. This ratio
increases with deeper melt generation within the garnet
stability zone when Yb and the other HREE are retained
in garnet during low degree partial melting at depths
beyond which Cr-spinel is the aluminous phase in the
mantle (>50�60 km; Irving & Frey 1987). The Cas Maar
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GEOCHEMISTRY OF THE VOLCANICS

Thirteen representative samples were selected from the
eruption centres of the Hamilton area for reconnais-
sance geochemical analysis to complement existing
large geochemical data sets for Mt Rouse and Mt Napier.
Four samples were from the Cas Maar, where a diverse
range of eruption products were found. Bulk cleaned
samples were sent to the Geoscience Laboratories, Sud-
bury, Canada, where they were pulverised and analysed
for major and trace elements by XRF and ICP�MS,
respectively. Normalised major element data are
shown in Table 2. Total iron was reported as Fe2O3; FeO
and Fe2O3 contents were recalculated assuming
Fe2O36 FeOtotal D 0.15.

CIPW norms were used to classify the rocks as alka-
line (normative nepheline in the range 0�5%), transi-
tional (normative hypersthene § normative quartz
<10%) or tholeiitic (normative hypersthene § normative
quartz >10%) (Table 2; Price et al. 1997). The majority of
tholeiites belonged to Phase 1. The larger eruption
centres (Mt Rouse, Mt Napier and the Cas Maar) show
variation from alkaline to transitional basalts.

The products of the Phase 1 and 2 lava shields classify
as basalt (sensu stricto; both alkali and subalkali) when
plotted on a TAS diagram (Figure 8). Phase 3 eruption
centres cover a wider range of compositions, with Mt
Napier ranging from subalkali basalt to trachybasalt, Mt
Rouse subalkali basalt to basanite and the Cas Maar tra-
chybasalt. The volcanic products have similar rare earth
element (REE) patterns to those of an average Ocean
Island Basalt (OIB) (Figure 9a, b). They are characteristi-
cally depleted in heavy rare earth element (HREE),
which suggests magma sources in garnet-bearing man-
tle. In the region of the NVP, this corresponds to depths
of >55 km (O’Reilly & Griffin 1985). Phase 1 basalts have
lower REE contents than those of Phase 2 (Figure 9a).
This suggests there was a change in chemistry from
Phase 1 to 2 to more alkaline products with greater
enrichment in incompatible elements. However, only
single samples were available from most individual
eruption centres. Phase 2 basalts and Moutajup Hill
(Phase 1) have prominent negative Ce anomalies, which
could be due to localised incipient weathering, a feature
observed in other NVP basalts (Price et al. 1991). Phase 3
products (Figure 9b) cover a wider range of composi-
tions, all depleted in HREE with respect to OIB. Mt Nap-
ier has compositions similar to the Phase 1 basalts,
while Mt Rouse shows clear evidence for three magma
batches, with pyroclastic products featuring the greatest
light rare earth element (LREE) enrichment, while the
lavas are similar to Phase 1 basalts (Boyce et al. 2013).
The Cas Maar is similar to Mt Rouse in that its products
feature high LREE contents, the La6 Yb ratios of which
lie between those of two of the Mt Rouse magma batches.

Primitive mantle normalised incompatible element
plots for the Hamilton area are shown in Figure 9c, d.
The Hamilton products are similar to OIB; Phases 1 and
2 are slightly depleted with respect to OIB, while the Cas
Maar and the scoriaceous products of Mt Rouse (upper-
most batches on incompatible element diagrams) are
enriched in highly incompatible elements. The incom-
patibles therefore also show a trend of increasing

enrichment over time, but with decreasing K to produce
negative anomalies. The increased trace element content
of these products must reflect the metasomatised nature
of the underlying mantle, which is thought to have
undergone at least three metasomatic events (O’Reilly &
Griffin 1988; Griffin et al. 1988). These were at 500�300
Ma (garnet pyroxenites associated with recycled crust,
with high 87Sr 6 86Sr); 60 Ma to present (wehrlitic pyrox-
enites associated with mantle array Sr�Nd values); and
more recent local metasomatic overprinting from carbo-
natitic fluids and silicate melts (Yaxley et al. 1991, 1996;
Powell et al. 2004; O’Reilly & Griffin 2013). The result of
these metasomatic events was the enrichment of incom-
patible trace elements in the mantle during modal meta-
somatism, which is the addition of minerals normally
uncommon in peridotite, deposited by metasomatic flu-
ids. Examples include the addition of apatite, which
leads to the enrichment of REE, Sr, U, and Th; and mica
and 6 or amphibole, leading to K, Ba, Nb and Ta enrich-
ment (O’Reilly & Griffin 2013). All of these enrichments
are seen in the products of the Hamilton area and else-
where in the NVP; and amphibole, mica and apatite are
found in xenoliths of the NVP (O’Reilly et al. 1989). The
K-anomalies of the basalts could reflect either increased
stabilisation of residual phlogopite and 6 or amphibole in
the source (owing to metasomatism), decreasing degrees
of source melting (see below), or both. It is therefore
implied that metasomatism increases with depth in the
lithospheric mantle, as the products of Hamilton
increase in trace element content over time. However,
more detailed geochemical analysis should be performed
on individual eruption centres. The mantle beneath the
NVP has been inferred to be heterogeneous on scales
from centimetres to around 1 km (McDonough & McCul-
loch 1987; O’Reilly & Griffin 1988; O’Reilly et al. 1989).

The volcanic products around Hamilton do not show
geochemical evidence for crustal contamination as all
plot along the mantle array on variation diagrams (e.g.
Th 6 Yb vs Nb6 Yb; Figure 10a) designed to highlight
crustal influence (Pearce 2008). Ratios such as Nb 6 Yb
and Gd 6 Yb may be used as proxies for degrees of mantle
source partial melting, with lower ratios indicating
increased percent partial melting (Pearce 2008). The
Phase 1 and 2 eruption centres, plus Mt Napier and Mt
Rouse lava flows, suggest relatively larger degrees of
mantle partial melting from a source similar to those of
OIB; the more alkaline products of the Cas Maar and the
scoria cones of Mt Rouse were probably related to lower
degrees of melting. The high Sr contents (up to
1100 ppm) of samples from the Cas Maar and Mt Rouse
scoria cones indicate parental magmas probably formed
by lower degrees of partial mantle melting than other
Hamilton eruption products with lower Sr contents (up
to 638 ppm Sr; Figure 10b). The degree of mantle partial
melting involved in melt generation is usually inversely
proportional to the melting depth (Langmuir et al. 1992).
The depth of magma generation of the Hamilton volcanic
products can be assessed by the ratio Gd 6 Yb. This ratio
increases with deeper melt generation within the garnet
stability zone when Yb and the other HREE are retained
in garnet during low degree partial melting at depths
beyond which Cr-spinel is the aluminous phase in the
mantle (>50�60 km; Irving & Frey 1987). The Cas Maar
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and the Mt Rouse scoria cone samples have markedly
higher Gd 6 Yb ratios than the remaining samples, indi-
cating their magmas formed at greater depths
(Figure 10c).

The increase in Al2O3 contents relative to both CaO
and TiO2, shown by both the high and low Gd 6 Yb
groups, suggests crystal fractionation of olivine and Ca-
rich clinopyroxene, and reflects the fact that Al-rich pla-
gioclase was not a major fractionating phase in these
alkaline magmas. However, the systematic increase in
TiO2, especially in Mt Rouse, Mt Napier (Whitehead
1986, 1991) and Cas Maar products (Figure 10d), suggests
that the proportion of Ti-rich clinopyroxene in fraction-
ating mafic mineral assemblages was relatively low.
Fractionation cannot be assessed for the Phase 1 and 2
basalts owing to insufficient samples.

The Cas Maar samples, with their conspicuously high
Al2O3 (14.8�17.3 wt%), K2O (2.0�2.4 wt%) and P2O5

(0.64�0.81 wt%) contents but very low CaO (6.4�7.1 wt%)
are distinctive. As these rocks have relatively high Ni
contents, the parent magmas are unlikely to have crys-
tallised significant early olivine or Ca-rich clinopyrox-
ene and so retain characteristics related to the
composition of the magma source (e.g. a low-Ca

Figure 8 Total alkali vs silica diagram for the eruption prod-
ucts of the Hamilton area compared with the NVP as a
whole. Phase 1 basalts orange filled squares, Phase 2 basalts
green filled triangles, Mt Napier red oval field, Mt Rouse
blue fields to left, Cas Maar yellow filled diamonds. NVP
grey shaded field: >218 analyses (data from Frey & Green
1974; Ellis 1976; Irving & Green 1976; Frey et al. 1978; Price
et al. 1997; Stone et al. 1997; Vogel & Keays 1997; McBride
et al. 2001; Foden et al. 2002; Demidjuk et al. 2007). Subdivi-
sion of alkali and subalkali rocks from Irvine & Baragar
(1971).
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harzburgite source) or the partial melting processes
(especially a low degree of melting). Further geochemi-
cal samples are needed to constrain magma evolution
more closely. Although the Cas Maar shows unusual geo-
chemistry for the Hamilton area, such compositions are
found throughout the NVP. Elevated P2O5 (>0.5 wt%)
and K2O (>1.44 wt%) is commonly recognised in NVP
lavas (e.g. Frey & Green 1974; Ellis 1976; Irving & Green
1976; Frey et al. 1978; McDonough et al. 1985; Vogel &
Keays 1997; Demidjuk et al. 2007). Similar geochemistry,
including high Al2O3 and low CaO, is documented in
nepheline normative alkalic basalts at The Anakies, Mt
Franklin, Mt Callender, Mt Gorong, Melbourne Hill and
Mt Moolort (Ellis 1976; Irving & Green 1976; McDonough
et al. 1985).

DISCUSSION

The eroded nature of many older volcanoes in the Hamil-
ton area commonly makes it difficult to define eruption
centres on field evidence alone. Many of the older
centres have undergone significant soil formation and
recent landscape modifications owing to agriculture,
destroying or obscuring many original features. The
multifaceted approach outlined in this paper has helped
to pinpoint eruption centres by either confirming their
locations or finding lack of evidence for or absence of
other eruption centres. Large areas of basalt in the Ham-
ilton region cannot be clearly attributed to individual
eruption centres, especially as eruption centres appear
scarce in the central and northeastern parts of the Ham-
ilton area. Several explanations may apply. It is difficult

to map lava flows in areas without relief and with deep
weathering. Shield volcanoes in the NVP can be broad
and low (e.g. Mt Hydewell), and lavas can flow for many
kilometres (e.g. Mt Rouse). Basalt cover in the east could
be attributable to Sheepwash Hill (6) and the Cas Maar
(15), while central basalts may belong to Picaninny Hill
(9) and Jays Hill (14). The northwest is harder to define.
The Victoria—Seamless Geology DVD (October 2011)
placed an eruption centre at �37.6030�, 142.1435�

(GSV479) (Figure 2a), but this was discounted herein
owing to lack of evidence; Badger Hill lava shield lies
3.5 km north of the northwestern edge of the Hamilton
map sheet, and may account for the lavas to the north.
Ollier & Joyce (1964) suggest that fissure eruptions may
have contributed to the veneer of plains basalts, but that
erosion has not yet revealed the feeder dykes.

Several eruption centres in the Hamilton area are
positioned near faults, which represent weak points in
the crust and therefore may act as preferred pathways
for ascending magmas. Several near-linear trends of
eruption points may reflect local faults, which were
superimposed onto Figure 7 from the Victoria 1:100 000
Pre-Permian Geology map (Simons & Moore 1999). These
are (a) Moutajup Hill (13), Acacia Hill (9) and Mt Rouse
(4); (b) Blackwood Hill (5), Jays Hill (14) and Green Hills
(12); and (c) Sheepwash Hill (6), Bunnugal Hill (7) and the
Cas Maar (15). Burgers Hill (16) lies on a lineament, and
eight volcanoes are aligned from Mt Napier to the Cas
Maar, orthogonal to the NW�SE trend of the regional
faults. The two major faults in the Hamilton area are the
Escondida and Yarramyljup faults, which converge
north of the Grampians (Cayley et al. 2011). The Escon-
dida fault lies away from NVP eruption centres in the

Figure 9 (a, b) Chondrite normalised rare earth element diagrams and (b, c) primitive mantle normalised incompatible ele-
ment diagrams for the Hamilton area, compared with Ocean Island Basalts and the Newer Volcanics Province. (left) Phase 1
long dashed lines, Phase 2 short dashed lines. (right) Phase 3: Mt Napier red shaded area, Mt Rouse blue shaded area (upper
two fields constitute scorias, lower field lavas), Cas Maar dashed lines. OIB represented by thick black line (Sun &McDonough
1989), and NVP shaded area (Frey et al. 1978; Price et al. 1997; Vogel & Keays 1997; McBride et al. 2001; Foden et al. 2002; Demi-
djuk et al. 2007).
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and the Mt Rouse scoria cone samples have markedly
higher Gd 6 Yb ratios than the remaining samples, indi-
cating their magmas formed at greater depths
(Figure 10c).

The increase in Al2O3 contents relative to both CaO
and TiO2, shown by both the high and low Gd 6 Yb
groups, suggests crystal fractionation of olivine and Ca-
rich clinopyroxene, and reflects the fact that Al-rich pla-
gioclase was not a major fractionating phase in these
alkaline magmas. However, the systematic increase in
TiO2, especially in Mt Rouse, Mt Napier (Whitehead
1986, 1991) and Cas Maar products (Figure 10d), suggests
that the proportion of Ti-rich clinopyroxene in fraction-
ating mafic mineral assemblages was relatively low.
Fractionation cannot be assessed for the Phase 1 and 2
basalts owing to insufficient samples.

The Cas Maar samples, with their conspicuously high
Al2O3 (14.8�17.3 wt%), K2O (2.0�2.4 wt%) and P2O5

(0.64�0.81 wt%) contents but very low CaO (6.4�7.1 wt%)
are distinctive. As these rocks have relatively high Ni
contents, the parent magmas are unlikely to have crys-
tallised significant early olivine or Ca-rich clinopyrox-
ene and so retain characteristics related to the
composition of the magma source (e.g. a low-Ca

Figure 8 Total alkali vs silica diagram for the eruption prod-
ucts of the Hamilton area compared with the NVP as a
whole. Phase 1 basalts orange filled squares, Phase 2 basalts
green filled triangles, Mt Napier red oval field, Mt Rouse
blue fields to left, Cas Maar yellow filled diamonds. NVP
grey shaded field: >218 analyses (data from Frey & Green
1974; Ellis 1976; Irving & Green 1976; Frey et al. 1978; Price
et al. 1997; Stone et al. 1997; Vogel & Keays 1997; McBride
et al. 2001; Foden et al. 2002; Demidjuk et al. 2007). Subdivi-
sion of alkali and subalkali rocks from Irvine & Baragar
(1971).
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harzburgite source) or the partial melting processes
(especially a low degree of melting). Further geochemi-
cal samples are needed to constrain magma evolution
more closely. Although the Cas Maar shows unusual geo-
chemistry for the Hamilton area, such compositions are
found throughout the NVP. Elevated P2O5 (>0.5 wt%)
and K2O (>1.44 wt%) is commonly recognised in NVP
lavas (e.g. Frey & Green 1974; Ellis 1976; Irving & Green
1976; Frey et al. 1978; McDonough et al. 1985; Vogel &
Keays 1997; Demidjuk et al. 2007). Similar geochemistry,
including high Al2O3 and low CaO, is documented in
nepheline normative alkalic basalts at The Anakies, Mt
Franklin, Mt Callender, Mt Gorong, Melbourne Hill and
Mt Moolort (Ellis 1976; Irving & Green 1976; McDonough
et al. 1985).

DISCUSSION

The eroded nature of many older volcanoes in the Hamil-
ton area commonly makes it difficult to define eruption
centres on field evidence alone. Many of the older
centres have undergone significant soil formation and
recent landscape modifications owing to agriculture,
destroying or obscuring many original features. The
multifaceted approach outlined in this paper has helped
to pinpoint eruption centres by either confirming their
locations or finding lack of evidence for or absence of
other eruption centres. Large areas of basalt in the Ham-
ilton region cannot be clearly attributed to individual
eruption centres, especially as eruption centres appear
scarce in the central and northeastern parts of the Ham-
ilton area. Several explanations may apply. It is difficult

to map lava flows in areas without relief and with deep
weathering. Shield volcanoes in the NVP can be broad
and low (e.g. Mt Hydewell), and lavas can flow for many
kilometres (e.g. Mt Rouse). Basalt cover in the east could
be attributable to Sheepwash Hill (6) and the Cas Maar
(15), while central basalts may belong to Picaninny Hill
(9) and Jays Hill (14). The northwest is harder to define.
The Victoria—Seamless Geology DVD (October 2011)
placed an eruption centre at �37.6030�, 142.1435�

(GSV479) (Figure 2a), but this was discounted herein
owing to lack of evidence; Badger Hill lava shield lies
3.5 km north of the northwestern edge of the Hamilton
map sheet, and may account for the lavas to the north.
Ollier & Joyce (1964) suggest that fissure eruptions may
have contributed to the veneer of plains basalts, but that
erosion has not yet revealed the feeder dykes.

Several eruption centres in the Hamilton area are
positioned near faults, which represent weak points in
the crust and therefore may act as preferred pathways
for ascending magmas. Several near-linear trends of
eruption points may reflect local faults, which were
superimposed onto Figure 7 from the Victoria 1:100 000
Pre-Permian Geology map (Simons & Moore 1999). These
are (a) Moutajup Hill (13), Acacia Hill (9) and Mt Rouse
(4); (b) Blackwood Hill (5), Jays Hill (14) and Green Hills
(12); and (c) Sheepwash Hill (6), Bunnugal Hill (7) and the
Cas Maar (15). Burgers Hill (16) lies on a lineament, and
eight volcanoes are aligned from Mt Napier to the Cas
Maar, orthogonal to the NW�SE trend of the regional
faults. The two major faults in the Hamilton area are the
Escondida and Yarramyljup faults, which converge
north of the Grampians (Cayley et al. 2011). The Escon-
dida fault lies away from NVP eruption centres in the

Figure 9 (a, b) Chondrite normalised rare earth element diagrams and (b, c) primitive mantle normalised incompatible ele-
ment diagrams for the Hamilton area, compared with Ocean Island Basalts and the Newer Volcanics Province. (left) Phase 1
long dashed lines, Phase 2 short dashed lines. (right) Phase 3: Mt Napier red shaded area, Mt Rouse blue shaded area (upper
two fields constitute scorias, lower field lavas), Cas Maar dashed lines. OIB represented by thick black line (Sun &McDonough
1989), and NVP shaded area (Frey et al. 1978; Price et al. 1997; Vogel & Keays 1997; McBride et al. 2001; Foden et al. 2002; Demi-
djuk et al. 2007).
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Hamilton area, and has therefore not influenced erup-
tions here. The Yarramyljup Fault was originally inter-
preted as running 20 km west of Mt Rouse in a
NNW�SSE direction (e.g. Cayley et al. 2011; Figure 7),
with a possible near-vertical dip (Gibson & Nihill 1992).
With that positioning, it runs through Mounts

Baimbridge, Pierrepoint and Napier. However, recent
reinterpretation suggests that it is moderately westerly
dipping, lying just east of Mt Rouse, extending north to
Dunkeld (R. Cayley, pers. comm. 2014). The Yarramlyjup
Fault could not have influenced the eruptions of the
western volcanoes in the Hamilton area, but may be

Figure 10 Variation in major and trace element compositions for the Hamilton area eruption centres. (a) Th6 Yb vs Nb6 Yb,
compared with Enriched Mantle 1 (EM1), Enriched Mantle 2 (EM2), high 238U6 204Pb mantle (HIMU) and Ocean Island Basalt
(OIB). (b) Sr vs MgO, showing evidence for increased partial melting to produce magmas associated with the lava shields com-
pared with Mt Rouse scoria cones and the Cas Maar. (c) Gd 6 Yb vs Al2O3 showing evidence for increased depth of melting for
magmas of Mt Rouse scoria cones and the Cas Maar. (d) Al2O3 vs TiO2 showing evidence for fractionation of olivine from the
systematic increase of both oxides. (e) CaO vsAl2O3 illustrating the low CaO and high Al2O3 contents of the CasMaar products.
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related to the eruption of Mt Rouse by acting as a pre-
ferred pathway for magma ascent.

Price et al. (2003) state that ultramafic xenoliths are
virtually unknown west of the Mortlake Discontinuity,
with centres such as Mt Rouse being barren. However,
this study found small mantle xenoliths in lava samples
at Mt Rouse, Mt Baimbridge and Blackwood Hill, while
the Cas Maar features small amounts of disaggregated
mantle xenoliths. Only limited material was examined
at these centres (except at Mt Rouse), so that estimating
size and abundance is not possible for all centres. Ultra-
mafic xenoliths mostly range around »4 mm and are rel-
atively rare. The presence of mantle xenoliths in the
basalts attests to a fairly rapid ascent rate of host
magmas.

Modelling of the pressure and temperature of the pri-
mary magmas of Mt Rouse, based on a full geochemical
dataset, indicates that the magmas were sourced from
the lithosphere�asthenosphere boundary (Boyce et al.
2012). Similar results are obtained for Mt Napier (calcu-
lations based upon geochemical data of A. Needham)
and Mt Gambier (van Otterloo 2012). Volcanoes of the
Burr Range in South Australia have been ascribed shal-
low asthenospheric source regions (Holt et al. 2014). A
relationship is suggested between the pressure of
magma formation and the age of eruption centres in the
Mt Gambier region, with pressures 6 depths decreasing
with age (between the older Burr Range volcanoes and
the younger Mounts Gambier and Schank) (Holt et al.
2014). It is plausible that such a relationship may exist
within clustered volcanic centres, although the opposite
seems to be the case for the Hamilton area. However, Mt
Gambier and Mt Rouse, which are 135 km apart, feature
multiple magma batches with different depths of origin
that were erupted simultaneously (Boyce et al. 2012; van
Otterloo 2012). This suggests that volcanism in the NVP
is more complex than traditionally assumed, and a full
stratigraphic and geochemical analysis needs to be per-
formed on individual eruption centres to determine
their petrogenetic history. Pressure�temperature obser-
vations, however, suggest that the lithosphere�astheno-
sphere boundary is of importance in the generation of
NVP magmas. Consistent with the modelling is the sug-
gestion that basaltic melts are neutrally buoyant at the
lithosphere�asthenosphere boundary (O’Reilly & Grif-
fin 2010; Niu et al. 2012; Cr�episson et al. 2014). This would
result in metasomatism of the surrounding rocks, and
the crystallisation of eclogites at depth; subsequent
ascending magmas would become enriched in incompat-
ible elements (Niu 2008; Niu et al. 2012). What drives mag-
mas from the lithosphere�asthenosphere boundary to
erupt is still unknown, and has been related to mantle
plumes (e.g. Wellman & McDougall 1974; Matsumoto
et al. 1997) and continental extension relating to the
breakup of Gondwana (e.g. Lister & Etheridge 1989; Price
et al. 1997). The most recent theory of edge-driven convec-
tion (Demidjuk et al. 2007; Farrington et al. 2010) explains
that steps in lithospheric thickness to the south beneath
the Australian continent (Fishwick et al. 2008) are associ-
ated with thermal contrasts that produce convection
cells that travel with the overlying lithosphere to pro-
duce upwelling of fertile asthenospheric material
downstream.

The discovery and verification of eruption centres are
important for ongoing research in the NVP. The last
known eruption occurred at Mt Gambier at approxi-
mately 5000 years BP (Blackburn 1966; Barbetti & Sheard
1981; Blackburn et al. 1982; Gouramanis et al. 2010), and
the province is considered active, with mantle-derived
CO2 emissions occurring at Garvoc, Wangoom and Mt
Gambier (Wopfner & Thornton 1971; Chivas et al. 1987)
and the Daylesford region (Chivas et al. 1983; Cartwright
et al. 2002). With estimates of eruption frequencies rang-
ing from 1:10 800 years (Boyce 2013) to 1:12 000 years
(Joyce 1988a, b, 2003, 2004, 2005; Cas et al. 1993), a fuller
understanding of the nature of eruptions and their fre-
quency is needed. The discovery of a large maar volcano
using Google Earth in such a well-documented volcanic
province illustrates that other volcanic centres in the
NVP may be discovered. Additionally, advances in tech-
nology (e.g., widespread radiometrics and LIDAR) make
it easier to find new eruption centres and test the valid-
ity of proposed centres. This study shows that more pro-
posed eruption centres in the province may be placed
into question. Better controls on the numbers of erup-
tion centres allow for more accurate calculations of
eruption frequencies (which are calculated by dividing
the timespan of eruption of the province by the number
of eruption centres in the province) and hence volcanic
hazard maps (e.g. Joyce 2004) for future eruptions.

CONCLUSIONS

(1) Sixteen eruption centres in the Hamilton area
include three newly recognised centres, one of which
is a substantial maar volcanic complex (the north-
ernmost maar in the Western Plains). This study
shows the usefulness of a multifaceted approach to
eruption point identification. Google Earth is an
excellent tool for manipulation of satellite imagery,
with the ability to zoom, tilt and vertically exagger-
ate. When Google Earth satellite imagery and tools
are used alongside seamless geology data, which is
increasingly available as Google Earth overlays that
can be toggled on or off, this adds to the ways geolo-
gists can manipulate data.

(2) Seven previously proposed eruption centres were
placed into question based on field and laboratory
observations.

(3) Three phases of eruption previously recognised
around Hamilton were confirmed by using RGB
radiometric ternary imagery—Phases 1, 2 and 3 (>4
Ma, ca 2 Ma and <0.5 Ma respectively). Based on
preservation of outcrop, eruption centres within
each phase can be subdivided into older and younger
groupings. Using radiometric ternary imagery for
interpreting ages of volcanic centres is uncertain in
areas containing unconsolidated maar deposits,
which weather at a faster rate than lava flows, and
can give misleading relative ages. Older volcanoes in
Phase 1 may be substantially older than 4 Ma.

(4) Reconnaissance geochemical studies of the Hamilton
eruption centres further confirmed three phases of
eruption, with compositions becoming increasingly
more alkaline and enriched in incompatible elements
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Hamilton area, and has therefore not influenced erup-
tions here. The Yarramyljup Fault was originally inter-
preted as running 20 km west of Mt Rouse in a
NNW�SSE direction (e.g. Cayley et al. 2011; Figure 7),
with a possible near-vertical dip (Gibson & Nihill 1992).
With that positioning, it runs through Mounts

Baimbridge, Pierrepoint and Napier. However, recent
reinterpretation suggests that it is moderately westerly
dipping, lying just east of Mt Rouse, extending north to
Dunkeld (R. Cayley, pers. comm. 2014). The Yarramlyjup
Fault could not have influenced the eruptions of the
western volcanoes in the Hamilton area, but may be

Figure 10 Variation in major and trace element compositions for the Hamilton area eruption centres. (a) Th6 Yb vs Nb6 Yb,
compared with Enriched Mantle 1 (EM1), Enriched Mantle 2 (EM2), high 238U6 204Pb mantle (HIMU) and Ocean Island Basalt
(OIB). (b) Sr vs MgO, showing evidence for increased partial melting to produce magmas associated with the lava shields com-
pared with Mt Rouse scoria cones and the Cas Maar. (c) Gd 6 Yb vs Al2O3 showing evidence for increased depth of melting for
magmas of Mt Rouse scoria cones and the Cas Maar. (d) Al2O3 vs TiO2 showing evidence for fractionation of olivine from the
systematic increase of both oxides. (e) CaO vsAl2O3 illustrating the low CaO and high Al2O3 contents of the CasMaar products.
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related to the eruption of Mt Rouse by acting as a pre-
ferred pathway for magma ascent.

Price et al. (2003) state that ultramafic xenoliths are
virtually unknown west of the Mortlake Discontinuity,
with centres such as Mt Rouse being barren. However,
this study found small mantle xenoliths in lava samples
at Mt Rouse, Mt Baimbridge and Blackwood Hill, while
the Cas Maar features small amounts of disaggregated
mantle xenoliths. Only limited material was examined
at these centres (except at Mt Rouse), so that estimating
size and abundance is not possible for all centres. Ultra-
mafic xenoliths mostly range around »4 mm and are rel-
atively rare. The presence of mantle xenoliths in the
basalts attests to a fairly rapid ascent rate of host
magmas.

Modelling of the pressure and temperature of the pri-
mary magmas of Mt Rouse, based on a full geochemical
dataset, indicates that the magmas were sourced from
the lithosphere�asthenosphere boundary (Boyce et al.
2012). Similar results are obtained for Mt Napier (calcu-
lations based upon geochemical data of A. Needham)
and Mt Gambier (van Otterloo 2012). Volcanoes of the
Burr Range in South Australia have been ascribed shal-
low asthenospheric source regions (Holt et al. 2014). A
relationship is suggested between the pressure of
magma formation and the age of eruption centres in the
Mt Gambier region, with pressures 6 depths decreasing
with age (between the older Burr Range volcanoes and
the younger Mounts Gambier and Schank) (Holt et al.
2014). It is plausible that such a relationship may exist
within clustered volcanic centres, although the opposite
seems to be the case for the Hamilton area. However, Mt
Gambier and Mt Rouse, which are 135 km apart, feature
multiple magma batches with different depths of origin
that were erupted simultaneously (Boyce et al. 2012; van
Otterloo 2012). This suggests that volcanism in the NVP
is more complex than traditionally assumed, and a full
stratigraphic and geochemical analysis needs to be per-
formed on individual eruption centres to determine
their petrogenetic history. Pressure�temperature obser-
vations, however, suggest that the lithosphere�astheno-
sphere boundary is of importance in the generation of
NVP magmas. Consistent with the modelling is the sug-
gestion that basaltic melts are neutrally buoyant at the
lithosphere�asthenosphere boundary (O’Reilly & Grif-
fin 2010; Niu et al. 2012; Cr�episson et al. 2014). This would
result in metasomatism of the surrounding rocks, and
the crystallisation of eclogites at depth; subsequent
ascending magmas would become enriched in incompat-
ible elements (Niu 2008; Niu et al. 2012). What drives mag-
mas from the lithosphere�asthenosphere boundary to
erupt is still unknown, and has been related to mantle
plumes (e.g. Wellman & McDougall 1974; Matsumoto
et al. 1997) and continental extension relating to the
breakup of Gondwana (e.g. Lister & Etheridge 1989; Price
et al. 1997). The most recent theory of edge-driven convec-
tion (Demidjuk et al. 2007; Farrington et al. 2010) explains
that steps in lithospheric thickness to the south beneath
the Australian continent (Fishwick et al. 2008) are associ-
ated with thermal contrasts that produce convection
cells that travel with the overlying lithosphere to pro-
duce upwelling of fertile asthenospheric material
downstream.

The discovery and verification of eruption centres are
important for ongoing research in the NVP. The last
known eruption occurred at Mt Gambier at approxi-
mately 5000 years BP (Blackburn 1966; Barbetti & Sheard
1981; Blackburn et al. 1982; Gouramanis et al. 2010), and
the province is considered active, with mantle-derived
CO2 emissions occurring at Garvoc, Wangoom and Mt
Gambier (Wopfner & Thornton 1971; Chivas et al. 1987)
and the Daylesford region (Chivas et al. 1983; Cartwright
et al. 2002). With estimates of eruption frequencies rang-
ing from 1:10 800 years (Boyce 2013) to 1:12 000 years
(Joyce 1988a, b, 2003, 2004, 2005; Cas et al. 1993), a fuller
understanding of the nature of eruptions and their fre-
quency is needed. The discovery of a large maar volcano
using Google Earth in such a well-documented volcanic
province illustrates that other volcanic centres in the
NVP may be discovered. Additionally, advances in tech-
nology (e.g., widespread radiometrics and LIDAR) make
it easier to find new eruption centres and test the valid-
ity of proposed centres. This study shows that more pro-
posed eruption centres in the province may be placed
into question. Better controls on the numbers of erup-
tion centres allow for more accurate calculations of
eruption frequencies (which are calculated by dividing
the timespan of eruption of the province by the number
of eruption centres in the province) and hence volcanic
hazard maps (e.g. Joyce 2004) for future eruptions.

CONCLUSIONS

(1) Sixteen eruption centres in the Hamilton area
include three newly recognised centres, one of which
is a substantial maar volcanic complex (the north-
ernmost maar in the Western Plains). This study
shows the usefulness of a multifaceted approach to
eruption point identification. Google Earth is an
excellent tool for manipulation of satellite imagery,
with the ability to zoom, tilt and vertically exagger-
ate. When Google Earth satellite imagery and tools
are used alongside seamless geology data, which is
increasingly available as Google Earth overlays that
can be toggled on or off, this adds to the ways geolo-
gists can manipulate data.

(2) Seven previously proposed eruption centres were
placed into question based on field and laboratory
observations.

(3) Three phases of eruption previously recognised
around Hamilton were confirmed by using RGB
radiometric ternary imagery—Phases 1, 2 and 3 (>4
Ma, ca 2 Ma and <0.5 Ma respectively). Based on
preservation of outcrop, eruption centres within
each phase can be subdivided into older and younger
groupings. Using radiometric ternary imagery for
interpreting ages of volcanic centres is uncertain in
areas containing unconsolidated maar deposits,
which weather at a faster rate than lava flows, and
can give misleading relative ages. Older volcanoes in
Phase 1 may be substantially older than 4 Ma.

(4) Reconnaissance geochemical studies of the Hamilton
eruption centres further confirmed three phases of
eruption, with compositions becoming increasingly
more alkaline and enriched in incompatible elements
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through Phases 1 and 2. Phase 3 eruption products
cover the entire geochemical range of earlier erupted
products and extend into more enriched compositions.

(5) The compositions of lava shields of Phases 1 and 2
and the lava flows of Mt Napier andMt Rouse suggest
higher degrees of melting of shallower mantle source
regions than for the more alkaline compositions of
Cas Maar and the scoria cones of Mt Rouse.

(6) Additional volcanic centres in the NVP may be dis-
covered, while detailed research may lead to ques-
tioning of some loosely identified eruption points.
Better volcanic distribution maps and consequent
estimates of eruption frequently will allow more
accurate eruption forecasting and hazard analyses
of future eruptions.
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through Phases 1 and 2. Phase 3 eruption products
cover the entire geochemical range of earlier erupted
products and extend into more enriched compositions.

(5) The compositions of lava shields of Phases 1 and 2
and the lava flows of Mt Napier andMt Rouse suggest
higher degrees of melting of shallower mantle source
regions than for the more alkaline compositions of
Cas Maar and the scoria cones of Mt Rouse.

(6) Additional volcanic centres in the NVP may be dis-
covered, while detailed research may lead to ques-
tioning of some loosely identified eruption points.
Better volcanic distribution maps and consequent
estimates of eruption frequently will allow more
accurate eruption forecasting and hazard analyses
of future eruptions.
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Chapters 4 and 5 respectively relate to the physical volcanology and geochemistry of Mt 
Rouse, the largest eruption source in the Newer Volcanics Province, and are designed to be companion 
papers. Chapter 4 will be submitted to The Journal of Volcanology and Geothermal Research while 
Chapter 5 was published in Contributions to Mineralogy and Petrology in January 2015. 

Mt Rouse is shown in these studies to be a very complex volcano, having erupted eight facies 
from at least seven vents. Because at least three magma batches were involved in the genesis of the 
volcano (which is nevertheless monogenetic because it erupted during a single series of events), and 
some facies are shared across at least two of those magma batches, a detailed stratigraphy of the 
products is essential in establishing both the eruptive history of the complex and the geochemical 
variation of magmas during its life.

The stratigraphic architecture of Mt Rouse is explored in Chapter 4. Two coherent eruptive 
facies and six fragmental facies are described prior to discussion of the evolution of the complex 
in light of the geochemical data (which is presented in full in Chapter 5). As eruption styles varied 
widely at Mt Rouse, the factors leading to these variations are discussed, with magma composition, 
mass flux rate, the content of dissolved volatiles in the melt, the involvement of external water during 
the eruption and vent re-use being the main controls recognised.

Chapter 5 focuses on the geochemical and isotopic analysis of the volcanic products of Mt 
Rouse. Three batches of magma with major/trace element and isotopic characteristics similar to those 
of Ocean Island Basalts were identified, mainly on the basis of increasing Light Rare Earth Element 
enrichment from batch A through  B and C. Both isotopic data and the use of geochemical data to 
estimate the depth and extent of mantle source melting indicate that parental magmas were sourced 
from a region extending across the lithosphere–asthenosphere boundary. This conclusion was also 
reached by the analysis of the surrounding volcanoes in the Hamilton area (Chapter 3). The depth 
of magma generation in the mantle is believed to exert a first-order control on whether the resultant 
volcano will erupt explosively (upper asthenosphere-derived) or effusively (lower lithosphere-
derived), with deeper magmas derived from an increasingly metasomatised mantle. The results of 
the study will have important implications for petrogenetic modelling in the NVP, because detailed 
geochemical data can be used to further constrain geodynamic models of magma generation.

Stratigraphic logs for Mt Rouse are contained within Appendix 4, the results of an XRD 
analysis of a mineral found in the vesicles of basalts close to the coast are in Appendix 5 and the 
geochemical data for the products of Mt Rouse are in Appendix 6. 
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Abstract

Mt Rouse is a complex monogenetic volcano, located in the Newer Volcanics Province of 
southeastern Australia. Here, we present a detailed study of the stratigraphic architecture of Mt Rouse, 
based on stratigraphic mapping and systematic sampling for petrography. The volcanic products can 
be divided into eight main facies—two coherent and six fragmental. Coherent lithofacies are C1 lava 
and C2 discordant coherent basalt. Fragmental lithofacies are P1 coarse grained, moderately to well 
sorted bedded ash–lapilli–bombs; P2 well sorted fine ash–fine lapilli; P3 moderately to well sorted 
fine ash–coarse lapilli/small blocks; P4 cross bedded fine ash–fine lapilli; P5 palagonite altered, 
armoured fine lapilli-rich, ash and P6 spatter agglomerate. The eruption styles associated with these 
facies include Hawaiian (C1), Strombolian (P1, P6), micro-Plinian (P3, P4), violent-Strombolian 
(P2) and phreatomagmatic (P5). The products of Mt Rouse define three magma batches (A, B and 
C), which were erupted from at least seven vents in a complex sequence comprising four phases with 
no evidence of significant time-breaks. This included sequential eruption of batches A, C and B, then 
simultaneous eruption of batches A and B, and involved vent reuse, particularly from the southern 
crater. Controls on eruption style at Mt Rouse may include magma composition, mass flux rate, vent 
reuse, water influencing the eruption and probably the volatile content of the melt. Mt Rouse is one 
of the most complex volcanoes in the Newer Volcanics Province, and is unusual worldwide due to its 
tri-magmatic monogenetic character. This research has broader implications in the emerging field of 
complex monogenetic volcanism, adding to the observations that monogenetic volcanoes may show 
great complexity in terms of their stratigraphy, eruption products and timing of events.

4.1 Introduction

Monogenetic volcanoes are among the most common types of continental basaltic volcanism 
on Earth (Valentine & Gregg 2008), yet they remain poorly understood. Traditionally, monogenetic 
volcanoes were thought to be simple in nature, each representing a single batch of magma that erupts 
in a simple manner during one short-lived phase of eruption, which may last hours to years (e.g., 
Walker 2000). Recent detailed research into individual volcanic centres has shown that, although some 
monogenetic volcanoes may fit this description, others show extremely complex eruption sequences, 
and can contain multiple facies and magma batches, or short time-breaks between eruption (e.g., 
Luhr 2001; Strong & Wolff 2003; Brenna et al. 2010, 2011; Erlund et al. 2010; Needham et al. 2010; 
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Piganis 2011; Blaikie et al. 2012; Jordan et al. 2013; van Otterloo 2014; Boyce et al. 2015/Chapter 
5). The complexity recognised in these volcanic centres rivals that of many large stratovolcanoes 
(cf. Kereszturi et al. 2010; Németh 2010), and can be influenced by the interplay of a wide range of 
factors such as magma composition, flux rates and extent of degassing, the properties of the country 
rock and external water availability (e.g., Lorenz 2003; Németh et al. 2012; Sohn et al. 2012). It 
is important to gain a fuller understanding of the range of eruption products and complexities of 
monogenetic volcanoes in order to understand how volcanic fields evolve over time. This will lead to 
better hazard management of future eruptions. The hazards associated with monogenetic volcanism 
include lava flows, scoria cone formation, ash plumes, base surges or pyroclastic flows. These may 
result in severe economic losses, damage to infrastructure and loss of lives.

Mt Rouse, a magmatic volcanic complex in the Newer Volcanics Province (NVP) of 
southeastern Australia, is an example of a complex polymagmatic monogenetic volcano. Here we 
present a detailed stratigraphic analysis of the products of Mt Rouse, and show that the volcano 
erupted three magma batches from at least seven vents to produce a complex stratigraphy via the 
interplay of eight facies (both coherent and fragmental). This study is a companion paper to Boyce et 
al. 2015/Chapter 5, which explores the geochemistry in more detail. Eruption styles giving rise to these 
facies are discussed along with the factors influencing eruption style, which varied at Mt Rouse from 
effusive Hawaiian to relatively low intensity Strombolian eruptions through micro-Plinian, violent-
Strombolian and phreatomagmatic. An eruption sequence for the volcano is outlined, including the 
sequential eruption of the products of the three magma batches, and then the simultaneous eruption of 
two (e.g., Boyce et al. 2015/Chapter 5). Mt Rouse is one of the most complex monogenetic volcanoes 
known in the NVP, and unusual worldwide due to its tri-magmatic character.

4.2 Geological Setting

The NVP is a late Cainozoic intraplate monogenetic volcanic field, covering >19 000 km2, 
and extending 410 km from Melbourne, Victoria to the Mt Burr range in southeastern South Australia 
(Figure 4.1). The NVP is composed of >437 short-lived monogenetic basaltic volcanoes (Ollier & 
Joyce 1964; Joyce 1975; Boyce 2013/Chapter 2; Boyce et al. 2014/Chapter 3) which erupted between 
8 Ma and ca 5000 BP (Blackburn 1966; McDougall et al. 1966; Blackburn et al. 1982; Cayley 
et al. 1995; Edwards et al. 2004; Gray & McDougall 2009; Gouramanis et al. 2010). Volcanoes 
of the NVP range from relatively small scoria cones, lava shields, maars and ash cones/domes to 
complex volcanoes such as magmatic, phreatomagmatic or maar-cone volcanic complexes (Boyce 
2013/Chapter 2). All of the hazards associated with monogenetic volcanism are observed in the 
stratigraphic record of the NVP, although lava flows and scoria cone formation are most common.

The NVP is subdivided into three subprovinces from east to west—the Central Highlands, 
Western Plains and Mt Gambier subprovinces (Joyce 1975; Nicholls & Joyce 1989; Sheard 1990; 
Demidjuk 2005). The Western Plains subprovince (the focus of this study) covers >14 600 km2 (Boyce 
2013) from Melbourne west to Portland (Figure 4.1), and is characterised by extensive plains-forming 
lava fields (Nicholls & Joyce 1989). The Western Plains features 42% of NVP volcanic centres 
(Boyce 2013) and is split by the Mortlake Discontinuity (Price et al. 1997), which corresponds to the 
Palaeozoic Moyston Fault—the boundary between the Delamerian and Lachlan orogens (Korsch et 
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Figure 4.1 The Newer Volcanics Province of southeastern Australia, showing major faults, Newer Volcanics outcrop and 
distribution of eruption centres, with the Hamilton area outlined by a green square (after Boyce (2013) and Boyce et al. 
(2014)).

al. 2002; Cayley et al. 2011). The Mortlake Discontinuity separates higher 87Sr–86Sr basalts in the east 
(0.7035–0.7058) from lower 87Sr–86Sr basalts in the west (0.7035–0.7047) (Cooper & Green 1969; 
Dasch & Green 1975; Stuckless & Irving 1976; McDonough et al. 1985; Whitehead 1986; Ewart et 
al. 1988; Price et al. 1997; McBride et al. 2001; Foden et al. 2002; Demidjuk et al. 2007).

4.3 Overview of the Mt Rouse volcanic complex

Mt Rouse is one of the youngest of 16 volcanoes in the Hamilton area of the Western Plains 
subprovince (Figure 4.1; Boyce 2013/Chapter 2; Boyce et al. 2014/Chapter 3), and the largest eruption 
centre of the NVP by area and volume. Erupting from at least seven vents (this study), the volcano is 
composed of a 120 m high scoria cone complex and long lava flows up to 60 km in length (Elias 1973; 
Ollier 1985; Whitehead 1986, 1991; Sutalo 1996; this study)  (Figure 4.2; section 4.6.1). 

Previous studies of Mt Rouse have focussed mainly on the lava field (Elias 1973; Whitehead 
1986, 1991; Sutalo 1996; Sutalo & Joyce 2004). Eruption sequences vary little between authors; with 
suggestions that the main lava flows were emplaced before the scoria cones and lava shield, and that 
the northern scoria cone was emplaced before the southern scoria cones (Elias 1973; Sutalo 1996).

K–Ar and 40Ar–39Ar dating yields ages of 0.284–0.309 Ma for the lava flows of Mt Rouse 
(Figure 4.2; McDougall & Gill 1975; Ollier 1985; Gray & McDougall 2009; Matchan & Phillips 2011, 
2014). Ollier (1985) dated an interbedded lava flow in the southern scoria cone to 1.82 Ma by K–Ar, 
but this date is considered erroneous (B. Joyce pers. comm. 2010; Matchan & Phillips 2011) because 
of the narrow spread of the ages of the other samples and the fact that the laws of superposition do 
not allow for later-erupted products to be 1.52 Myr older than earlier-erupted units. Two samples 
from the same location have been dated at ~0.45 Ma (Figure 4.2; McDougall & Gill 1975; Matchan 
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& Phillips 2011); however, both of these dates are considered inaccurate due to extraneous argon 
contamination in the basalts. Argon contamination results from the incorporation of xenolithic or 
xenocrystic material, or undegassed glass (Matchan & Phillips 2011). Some of the basalts of Mt 
Rouse do contain small amounts of xenolithic material (see section 4.5.1.2). An eruption age of 0.284 
± 0.18 Ma is suggested for Mt Rouse (Matchan & Phillips 2014).
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4.4 Methods

Detailed stratigraphic mapping was undertaken across the scoria cone complex, with 
representative samples collected for petrographic and geochemical analysis. Stratigraphic logging 
of scoria and lava deposits was carried out in the Lewis and Old Railway quarries to the southeast, 
and quarry faces were mapped on all four levels of the LK quarry to the northeast (Figure 4.2c). 
Stratigraphic logs could not be produced in the LK quarry due to the complex nature of the deposits 
and because of active quarrying. Many areas of the quarry were inaccessible as previous quarrying 
left dangerously unstable, high vertical faces, especially in the southern main LK quarry, and the 
northern entrance. Two samples were removed from the entrance quarry; the southern LK quarry was 
inaccessible. Stratigraphic logs may be found in Appendix 4.

Samples were also taken from the southern crater, satellite cones and spatter rampart, and 
the long lava flows and lava shield were sampled systematically using quarries and roadside cuttings 
where possible, or flow tops. Flows were not mapped, as they have been well described in previous 
studies (e.g., Elias 1973; Ollier 1985; Sutalo 1996; Sutalo & Joyce 2004).

Quarry logs and mapped faces were correlated across the scoria cones to determine an order 
of eruption and unravel the stratigraphic relationships. 

4.5 Facies descriptions

The volcanic products of Mt Rouse can be divided into eight main facies, two of which are 
coherent and six fragmental. Descriptions of the lithofacies follow and are based on field observations, 
grain-size analysis, and petrographic and scanning electron microscope observations, and are 
summarised in Table 4.1. A combined stratigraphic log for the complex is shown in Figure 4.3.

Facies descriptions are followed by interpretations, which include the eruption styles 
responsible for each of them. Identification of eruption styles was based on comparison with those 
described by Valentine & Gregg (2008), with the addition of micro-Plinian eruptions, which form 
massive, mainly planar and continuous beds of lapilli and blocks with minor fine ash (Table 4.2; 
Francis et al. 1990; Behncke et al. 2006; Cas et al. 2011; Blaikie et al. 2012; van Otterloo et al. 2013; 
Jordan et al. 2013).



112

Chapter 4

Fa
ci

es
In

te
rn

al
 C

ha
ra

ct
er

is
tic

s
C

la
st

 P
op

ul
at

io
n 

(g
ro

up
 si

ze
 a

nd
 sh

ap
e 

co
lu

m
ns

)
C

la
st

 sh
ap

e
O

th
er

 in
fo

rm
at

io
n

In
te

rp
re

ta
tio

n

C
1

M
as

si
ve

 c
oh

er
en

t b
as

al
t >

14
 m

 th
ic

k;
 

lo
ca

l d
ol

er
ite

 p
od

s i
n 

th
ic

k 
flo

w
s;

  l
oc

al
ly

 
hy

dr
ot

he
rm

al
ly

 a
lte

re
d.

N
/A

N
/A

Sm
al

l (
4 

cm
) m

an
tle

 x
en

ol
ith

s;
 

m
ag

m
a 

ba
tc

h 
A

Pa
ho

eh
oe

 la
va

 fl
ow

s 
(H

aw
ai

ia
n)

.

C
2

D
is

co
rd

an
t t

o 
be

dd
in

g;
 c

oh
er

en
t b

as
al

t
N

/A
N

/A
D

is
ag

gr
eg

at
ed

 m
an

tle
 

xe
no

lit
hs

; m
ag

m
a 

ba
tc

h 
C

D
yk

e;
 

co
al

es
ce

d 
sp

at
te

r.

P1

W
el

l b
ed

de
d 

(0
.5

 m
 b

ed
s)

; l
at

er
al

ly
 

co
nt

in
uo

us
 fo

r ~
10

 m
; b

om
bs

 d
efi

ne
 

be
dd

in
g 

in
 p

la
ce

s;
 m

od
er

at
el

y 
to

 w
el

l s
or

te
dFi

ne
 a

sh
-c

oa
rs

e 
la

pi
lli

 (~
10

0 
µm

 to
 7

0 
cm

); 
m

os
t 

cl
as

ts
 c

oa
rs

e 
la

pi
lli

 a
nd

 b
om

b 
si

ze
;  

la
rg

e 
sp

at
te

r 
bo

m
bs

 u
p 

to
 1

 m
 lo

ng
 b

y 
15

–2
0 

cm
 th

ic
k)

Fl
ui

da
l, 

fla
tte

ne
d 

bo
m

bs
; 

an
gu

la
r s

co
ria

s;
 m

od
er

at
el

y 
ve

si
cu

la
r; 

ja
gg

ed
 v

es
ic

le
s

M
ag

m
a 

ba
tc

h 
C

N
ea

r-v
en

t p
yr

oc
la

st
ic

 
ai

rf
al

l (
St

ro
m

bo
lia

n)

P2

W
el

l b
ed

de
d 

(2
 c

m
 to

 0
.2

5 
m

 b
ed

s)
; 

la
te

ra
lly

 c
on

tin
uo

us
 fo

r >
38

 m
; w

el
l s

or
te

d;
 

re
ve

rs
e 

gr
ad

ed
Fi

ne
 a

sh
-fi

ne
 la

pi
lli

 (~
10

0 
µm

 to
 2

0 
m

m
); 

m
os

t 
cl

as
ts

 0
.5

–8
 m

m
; f

ew
 b

om
bs

A
ng

ul
ar

; v
es

ic
ul

ar
ity

 ra
ng

es
 

fr
om

 lo
w

 to
 h

ig
h 

an
d 

va
rie

s 
w

ith
in

 in
di

vi
du

al
 c

la
st

s
M

ag
m

a 
ba

tc
he

s B
 a

nd
 C

N
ea

r-v
en

t p
yr

oc
la

st
ic

 
ai

rf
al

l (
vi

ol
en

t-
St

ro
m

bo
lia

n)

P3
W

el
l b

ed
de

d 
to

 m
as

si
ve

 (0
.2

5 
m

 to
 >

1.
5 

m
); 

m
od

er
at

el
y 

to
 w

el
l s

or
te

d

Va
ria

bl
e;

 fi
ne

 a
sh

-fi
ne

 la
pi

lli
 (<

1–
3 

m
m

) t
o 

co
ar

se
 la

pi
lli

-s
m

al
l b

lo
ck

s (
60

–1
00

 m
m

); 
m

os
ty

 
of

 m
at

er
ia

l i
n 

2–
64

 m
m

 ra
ng

e;
 sm

al
l b

lo
ck

s a
nd

 
bo

m
bs

 c
om

m
on

A
ng

ul
ar

; v
es

ic
ul

ar
ity

 ra
ng

es
 

fr
om

 lo
w

 to
 h

ig
h 

an
d 

va
rie

s 
w

ith
in

 in
di

vi
du

al
 c

la
st

s
M

ag
m

a 
ba

tc
he

s B
 a

nd
 C

N
ea

r-v
en

t p
yr

oc
la

st
ic

 
ai

rf
al

l (
m

ic
ro

-P
lin

ia
n)

P4
Tw

o 
be

ds
 fo

un
d 

(3
0 

cm
 a

nd
 >

1.
5 

m
); 

cr
os

s 
be

dd
ed

; w
el

l s
or

te
d

Fi
ne

 a
sh

-fi
ne

 la
pi

lli
 (~

10
0 

µm
 to

 8
 m

m
); 

m
os

t 
cl

as
ts

 c
oa

rs
e 

as
h 

(5
2.

43
%

) t
o 

fin
e 

la
pi

lli
 (4

7.
10

%
); 

Pe
le

’s
 te

ar
s <

1 
m

m
 to

 1
 c

m

A
ng

ul
ar

 sc
or

ia
; P

el
e’

s h
ai

rs
 

an
d 

te
ar

s r
an

gi
ng

 fr
om

 
fu

si
fo

rm
 to

  s
ph

er
ic

al

M
ag

m
a 

ba
tc

h 
A

 (P
el

e’
s h

ai
rs

 
an

d 
te

ar
s)

; M
ag

m
a 

ba
tc

h 
B

 
(s

co
ria

s)
N

ea
r-v

en
t d

ry
 su

rg
e 

(m
ic

ro
-P

lin
ia

n)

P5
M

as
si

ve
; m

ai
nl

y 
st

ru
ct

ur
el

es
s w

ith
 p

os
si

bl
e 

re
lic

t c
ro

ss
 b

ed
s;

 v
er

y 
po

or
ly

 so
rte

d

Fi
ne

 a
sh

-fi
ne

 la
pi

lli
 (0

.0
3–

6 
m

m
); 

53
%

 a
sh

; f
re

e 
cr

ys
ta

ls
 o

f o
liv

in
e 

(<
0.

01
–0

.2
3 

m
m

), 
py

ro
xe

ne
 

(<
0.

01
–0

.3
3 

m
m

) a
nd

 p
la

gi
oc

la
se

 m
ic

ro
lit

es
 

(<
0.

08
 m

m
); 

al
l c

la
st

s a
nd

 m
an

y 
fr

ee
 c

ry
st

al
s f

or
m

 
ar

m
ou

re
d 

la
pi

lli
 c

oa
te

d 
in

 a
sh

 ri
nd

s 0
.1

–2
.2

 m
m

 
th

ic
k

Va
ry

 fr
om

 a
ng

ul
ar

 a
nd

 
ve

si
cu

la
r o

r r
ou

nd
ed

 a
nd

 
ve

si
cu

la
r t

o 
bl

oc
ky

, p
oo

rly
-

ve
si

cu
la

te
d 

an
dp

la
gi

oc
la

se
-

m
iro

lit
e 

ric
h

G
la

ss
 a

lte
re

d 
to

 p
al

ag
on

ite
; 

gr
ad

es
 u

pw
ar

ds
 in

to
 w

el
l-

de
ve

lo
pe

d 
so

il

Sm
al

l-v
ol

um
e 

w
et

 
py

ro
cl

as
tic

 fl
ow

 
(P

hr
ea

to
m

ag
m

at
ic

. 
N

ea
r-v

en
t.)

P6
Sp

at
te

r a
gg

lo
m

er
at

e

Fl
at

te
ne

d 
sp

at
te

r b
om

bs
 v

ar
yi

ng
 in

 si
ze

 w
ith

 
lo

ca
tio

n 
(s

ee
 te

xt
); 

 a
sh

-c
oa

rs
e 

la
pi

lli
 a

gg
lu

tin
at

ed
 

m
at

rix
 (u

p 
to

 2
0 

m
m

) (
ab

se
nt

 in
 S

W
 sa

te
lli

te
 c

on
e)

Sp
at

te
r b

om
bs

 c
on

ta
in

 
ve

si
cu

la
te

d 
in

te
rio

rs
 a

nd
 

br
ea

dc
ru

st
ed

 ri
nd

s

M
ag

m
a 

ba
tc

he
s B

 a
nd

 C
; 

fo
rm

s s
pa

tte
r r

am
pa

rts
; 4

 m
m

 
m

an
tle

 x
en

ol
ith

 in
 m

ag
m

a 
ba

tc
h 

C
 a

t t
op

 o
f n

or
th

er
n 

co
ne

N
ea

r-v
en

t p
yr

oc
la

st
ic

 
ai

rf
al

l (
St

ro
m

bo
lia

n)

Ta
bl

e 
4.

1 
K

ey
 fa

ci
es

 c
ha

ra
ct

er
is

tic
s o

f t
he

 v
ol

ca
ni

c 
pr

od
uc

ts
 o

f M
t R

ou
se



113

Chapter 4

Ta
bl

e 
4.

2 
Er

up
tio

n 
st

yl
es

 a
ss

oc
ia

te
d 

w
ith

 th
e 

fa
ci

es
 o

f M
t R

ou
se

E
ru

pt
io

n 
st

yl
e

B
ed

di
ng

Te
xt

ur
e 

an
d 

gr
ad

in
g

C
la

st
 si

ze
C

la
st

 sh
ap

e
C

la
st

 v
es

ic
ul

ar
ity

W
el

di
ng

C
ol

um
n 

H
ei

gh
t

R
ef

er
en

ce
Pr

ox
im

al
 

(c
on

e)
 

de
po

si
ts

H
aw

ai
ia

n
Le

nt
ic

ul
ar

 to
 c

on
tin

uo
us

 
ov

er
 >

10
 m

M
as

si
ve

 to
 re

ve
rs

e 
gr

ad
ed

C
oa

rs
e 

la
pi

lli
 a

nd
 

bo
m

bs

A
er

od
yn

am
ic

 a
nd

 fl
ui

da
l (

e.
g.

, 
w

ra
pp

in
g 

ar
ou

nd
 u

nd
er

ly
in

g 
cl

as
ts

), 
ra

gg
ed

 m
ar

gi
ns

M
od

er
at

e 
ve

si
cu

la
rit

y 
w

ith
 a

 
w

id
e 

ra
ng

e 
of

 si
ze

s

D
en

se
ly

 to
 

pa
rti

al
ly

 w
el

de
d 

ov
er

 m
uc

h 
of

 c
on

e 
ex

te
nt

Va
le

nt
in

e 
&

 G
re

gg
 

(2
00

8)
 

St
ro

m
bo

lia
n

M
ai

nl
y 

le
nt

ic
ul

ar
 o

ve
r 

se
ve

ra
l m

et
re

s t
o 

~1
0 

m
, 

de
ci

m
et

re
s t

o 
~1

 m
 th

ic
k

R
ev

er
se

 g
ra

de
d 

to
 

m
as

si
ve

C
oa

rs
e 

la
pi

lli
, b

lo
ck

s 
an

d 
bo

m
bs

A
er

od
yn

am
ic

 sh
ap

es
 (e

.g
., 

 ri
bb

on
, s

pi
nd

le
) o

f c
oa

rs
es

t 
 c

la
st

s, 
an

gu
la

r t
o 

sl
ig

ht
ly

 
 ro

un
de

d 
sm

al
le

r c
la

st
s

M
od

er
at

e 
ve

si
cu

la
rit

y 
w

ith
 a

 
w

id
e 

ra
ng

e 
of

 si
ze

s

Lo
ca

l m
od

er
at

e 
to

 
de

ns
e 

w
el

di
ng

 v
er

y 
cl

os
e 

to
 v

en
t, 

no
n-

w
el

de
d 

el
se

w
he

re
Va

le
nt

in
e 

&
 G

re
gg

 
(2

00
8)

 

M
ic

ro
-

Pl
in

ia
n

M
as

si
ve

; m
ai

nl
y 

pl
an

ar
 

an
d 

co
nt

in
uo

us
M

as
si

ve
 a

nd
 w

el
l s

or
te

d.
 

D
iff

us
e 

st
ra

tifi
ca

tio
n

La
pi

lli
 a

nd
 b

lo
ck

s 
w

ith
 m

in
or

 fi
ne

 a
sh

M
ai

nl
y 

bl
oc

ky
 a

nd
 a

ng
ul

ar
 

to
 sl

ig
ht

ly
 ro

un
de

d.
 S

pa
rs

e 
ae

ro
dy

na
m

ic
 sh

ap
es

H
ig

hl
y 

ve
si

cu
la

te
d

N
on

-w
el

de
d

6 
km

Fr
an

ci
s e

t a
l. 

(1
99

0)
; 

B
eh

nc
ke

 e
t a

l. 
(2

00
6)

; B
la

ik
ie

 e
t a

l. 
(2

01
2)

; v
an

 O
tte

rlo
o 

et
 a

l. 
(2

01
3)

; J
or

da
n 

et
 a

l. 
(2

01
4)

V
io

le
nt

-
St

ro
m

bo
lia

n

M
ai

nl
y 

pl
an

ar
, 

co
nt

in
uo

us
 o

ve
r >

10
 m

, 
lo

ca
lly

 le
nt

ic
ul

ar
. M

an
y 

th
in

, s
tra

tifi
ed

 b
ed

s. 
Lo

ca
lis

ed
, t

hi
n,

 a
sh

-r
ic

h 
cr

os
s-

be
dd

ed
 h

or
iz

on
s.

M
as

si
ve

 to
 g

ra
de

d,
 

in
te

rn
al

 p
la

na
r 

st
ra

tifi
ca

tio
n,

 lo
ca

l 
re

ve
rs

e-
gr

ad
ed

 le
ns

es
 

re
fle

ct
in

g 
gr

ai
n 

av
al

an
ch

es

C
oa

rs
h 

as
h 

to
 c

oa
rs

e 
la

pi
lli

, s
pa

rs
e 

bl
oc

ks
 

an
d 

bo
m

bs

M
ai

nl
y 

bl
oc

ky
 a

nd
 a

ng
ul

ar
 

to
 sl

ig
ht

ly
 ro

un
de

d.
 S

pa
rs

e 
ae

ro
dy

na
m

ic
 sh

ap
es

M
od

er
at

e 
to

 h
ig

hl
y 

ve
si

cu
la

r w
ith

 
ab

un
da

nt
 sm

al
l 

ve
si

cl
es

N
on

-w
el

de
d

10
 k

m

M
ac

do
na

ld
 (1

97
2)

; 
Pi

ol
i e

t a
l. 

(2
00

8)
; 

Va
le

nt
in

e 
&

 G
re

gg
 

(2
00

8)
; E

rlu
nd

 e
t a

l. 
(2

01
0)

; v
an

 O
tte

rlo
o 

et
 a

l. 
(2

01
3)



114

Chapter 4

P4

C1 lava

P3

P2

P1
Facies

CBA
Magma batches

well sorted fine 
ash–fine lapilli

moderately sorted bedded 
ash–lapilli–bombs

cross-bedded
ash–lapilli
palagonite altered, 
armoured fine lapilli-rich, 
ash

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5

1 2 4 64 12
8

25
6

Grain-size (mm)0.
06

25 0.
5

10

20

30

40

50

60

70

80

90

100

0

1 2 4 64 12
8

25
6

Grain-size (mm)0.
06

25 0.
5

10

0

base not exposed

1 2 4 64 12
8

25
6

Grain-size (mm)0.
06

25 0.
5

10

0

base not exposed
missing ~100 m

1 2 4 64 12
8

25
6

Grain-size (mm)0.
06

25 0.
5

10

20

0
base not exposed

base not exposed

metres

metres

metres

metres

0.25 m

facies P1

facies P2

LD
LD

LD

LD

LD

pene-
contemporaneous

Southern coneSouthern cone

upper
northern cone

lower
northern cone

Long lava flows

Lava shield

contact not observed
hidden by scoria cones
and lava shield

LK-MAP1-1

R4C

R4AH

R4N

R4O

PHASE 1

PHASE 2

PHASE 3

PHASE 4

facies C1

facies P4

facies P3

Figure 4.3 Combined stratigraphic log of Mt Rouse, correlating exposed deposits of the northern and southern scoria 
cones, and the main lava flows and showing samples referred to in the text, main phases of eruption and magma batches of 
Boyce et al. (2015/Chapter 5). The bulk of the northern scoria cone deposits are inaccessible. LD = laterally discontinuous.
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4.5.1 Coherent Facies

4.5.1.1 Facies C1: Lavas

Description
The lava flows of Mt Rouse extend 60 km to the coast at Port Fairy and a short distance into 

present-day coastal waters (Sutalo 1996), covering an area of >511 km2 (Figure 4.2). The aerial extent 
of the flows was calculated in ArcGIS from the Department of Primary Industries seamless geology 
October 2011 edition. The lava flows form stony rises; these consist of ridges and depressions 3–10 m 
in height, with 15–30 m between rises creating lobes of lava (Ollier 1985). Sampling and observations 
were restricted to roadside exposures and quarries. The succession is >14 m thick in quarries (Figure 
4.2 4.4a,) and pods of coarse-grained dolerite are found within the interiors of thicker basal flows. 
The tops of the stony rises are vesicular and internally vesicles are arranged in sheet- and pipe-like 
formations throughout. The interior of the flows feature vertical cooling joints and horizontal jointing, 
and have a somewhat rubbly appearance, most likely a product of mining activities (blasting) at the 
quarry faces (Figure 4.4a).

The lava shield surrounds Mt Rouse for more than 3 km and is visible on satellite imagery as 
a break in slope (Figure 4.2; Elias 1973; Whitehead 1986; Sutalo 1996). Separate from the long lava 
flows, the lava shield is associated with a set of interbedded flows in the later deposits of the southern 
scoria cone (Figures 4.3, 4.4b). Close to the vent, they consist of ropy pahoehoe surfaces and minor 
lava stalagmites and stalactites, and the final eruption products of the southern crater feature crude 
columnar jointing (Figure 4.4c). The lava shield itself is distinguished by its stony rises terrain, which 
has higher ridges and depressions than the earlier lava flows (Sutalo 1996).

Closer to the coast, some basalts show a characteristic light green weathering colour, contain 
carbonate and clay minerals infilling vesicles and pore spaces, and also magnesite (MgCO3 as 
determined by XRD—see appendix 5). 

Fresher samples from within the lava flows are light blue-grey in hand specimen (hence 
their local name “Bluestone”) and fine grained, with a glomeroporphyritic texture composed of 
glomerocrysts and microphenocrysts of olivine and clinopyroxene in a groundmass of plagioclase, 
pyroxene and minor opaques (see Boyce et al. 2015/Chapter 5). Rare spinel lherzolite xenoliths up 
to 4 mm occur in the lava flows. They have a coarse equant structure, and are mainly composed of 
olivine with minor clinopyroxene and Cr-spinel, and common alteration veins of iddingsite.

Interpretation
The lava flows of Mt Rouse are interpreted to be typical products of effusive Hawaiian-style 

eruptions, representing the least violent activity. Stony rises form when the lava flows beneath semi-
solidified crust to create a braided network of inflated lava tubes (Macdonald 1953; Ollier 1985; Hon 
et al. 1994; Self et al. 1998). Flow features such as the ropy surfaces found in the lava shield form by 
deformation of the semi-solidified crust by the motion of the lava (Macdonald 1972; Fink & Fletcher 
1978), and lobes from the advancement of the lava flow (Hon et al. 1994; Self et al. 1998). 

The dolerite pods feature the same mineralogy as the host basalts, and represent in-situ 
fractionation, formed due to the insulating effects of the surrounding lava flows (cf. Kuno 1965; 
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b c

pahoehoe underside
of lava flow

Crude columnar
jointing

a

Figure 4.4 Main lava flow features of Mt Rouse. a) Stacked lava flows in Tarrone Quarry 40 km south of the vent 
(belonging to long lava flows of Figure 3); b) Well-preserved underside of a pahoehoe lava flow, Old Railway Quarry 
(belonging to lava shield phase of Figure 3); c) crude columnar jointing in basalt block from southern crater (belonging 
to lava shield phase of Figure 3). Hammer is 40 cm long.

Rogan et al. 1996). Rogan et al. (1996) analysed pegmatoid autoliths (derived from the flow in which 
they are contained) and their host basalt from the Auckland Volcanic Field, New Zealand (a similar 
monogenetic volcanic field to the NVP).  They found the autoliths and host flows had sub-parallel 
Rare Earth Element (REE) profiles, with the autoliths being considerably REE-enriched. The dolerite 
pods of facies C1 are similar, as they also feature sub-parallel, enriched REE profiles to the host 
basalt. The hydrothermally altered basalts were produced when meteoric water interacted with the 
cooling lava, precipitating secondary phases.

4.5.1.2 Facies C2: Discordant coherent basalt

Description
Facies C2 is found in the LK Quarry to the northeast of the volcanic complex, deep within the 

stratigraphy of the early eruption centre in two separate locations. 
Discordant coherent basalt appears in the scoria pile of facies P1. During active quarrying, the 

basalt feature was reported as ~0.5 m in thickness, planar and vertically oriented, trending NW–SE 
for ~30 m (C. Kenny, pers. comm. 2012). Only a small portion of the end of the structure remains to 
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the NW as fingers of branching coherent rock, discordant to the bedding of the facies P1 scoria and 
with sharp contacts (Figure 4.5a)

An irregularly-shaped mass of coherent basalt occurs in the scoria pile of facies P1, where a 
cross-section has been revealed by quarrying (Figure 4.5d). The centre of the mass is approximately 
1.8 m wide (NNW–SSE) and 1.9 m high (but the base is not exposed) and consists of coherent basalt 
with no indication of bedding or any individual clasts. The feature appears to be entirely contained 
within facies P1, although the lower contact is missing due to quarrying. Contacts are either sharp 
or gradational with the surrounding P1 facies. Gradations occur over 0.5 m, grading from coherent 
basalt, to friable, discoloured scoria and into moderately-to-well sorted bedded scoria (P1 facies) 
(Figure 4.5b,c).  

Petrographically, the two coherent bodies of the early eruption centre are similar, being blue-
grey and fine-grained in hand specimen, with a microporphyritic texture, composed of a groundmass of 
glass, plagioclase microlites, pyroxene needles, abundant magnetite and material of cryptocrystalline 
nature. Microphenocrysts of olivine and clinopyroxenes up to 0.25 mm are evenly distributed 
throughout, and many of the larger crystals are skeletal or embayed, indicating disequilibrium and 
fast rates of cooling. The basalt has weakly vertically-oriented microlites, small kink-banded olivines 
and pyroxenes, and in one case a megacrystic kink-banded olivine, the latter presumably representing 
disaggregated mantle xenolith material. Both samples are petrographically and geochemically similar 
to the scorias of Mt Rouse and different to the lava flows in terms of phenocryst grain size as the lava 
flows feature a glomeroporphyritic texture while the coherent bodies are aphanitic (Boyce et al. 2015/
Chapter 5).  

Interpretation
The orientation of the planar coherent basalt pre-quarrying and its coherent and cross-cutting, 

vertical nature are a clear testament to an intrusive origin (dyke), injected into unconsolidated P1 
facies. The branching nature of the coherent basalt represents one of the extremities of the dyke, at 
the forefront of propagation. As the vast majority of material has been quarried away, it is difficult to 
say whether the dyke represents a feeder-dyke or a late-stage intrusion. 

The large coherent body in the early eruption centre is interpreted as clastogenic in origin, 
the result of in-situ coalescence of spatter bombs, as evidenced by the gradational contacts with the 
spatter facies. The basalt does not represent an intrusion of magma into the scoria pile, which would 
result in distorted bedding and sharp contacts. The main body of coherent basalt is indistinguishable 
from that of the dyke material and there are no visible clasts. However, at the gradational margins, 
small friable scoria clasts are discernable in thin-section and in outcrop. The best interpretation is 
therefore that this body represents coalescence of fluidal, molten spatter bombs, which are common 
in the formation of the surrounding P1 facies. This can occur in low-viscosity, high temperature 
eruptions, as molten pyroclasts rapidly accumulate and coalesce, forming a homogeneous liquid that 
is degassed (Brown et al. 2008). In such deposits, textures may be identical to those of coherent rocks 
that have not undergone fragmentation (Hayman & Cas 2011).
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Figure 4.5 a) Close-up photograph 
of the end-portion of planar coherent 
basalt, showing branching, discordant 
intrusion through facies P1, with dashed 
lines indicating bedding of facies P1; b, 
c) Body of coherent basalt grading into 
facies P1.
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4.5.2 Fragmental Lithofacies

Fragmental lithofacies can be divided into six types: (1) coarse grained, moderately to well 
sorted bedded ash–lapilli–bombs, (2) well sorted fine ash–fine lapilli, (3) moderately to well sorted 
fine ash–coarse lapilli/small blocks, (4) cross-bedded ash–fine lapilli, (5) palagonite altered, armoured 
fine lapilli-rich, ash and (6) spatter agglomerate.

4.5.2.1 Facies P1: Coarse grained, moderately to well sorted bedded ash–lapilli–bombs

Description
Facies P1 is found in the lower stratigraphy of both the northern and southern scoria cones of 

Mt Rouse (Figure 4.3). In the northern LK Quarry, beds dip steeply at 50˚ SW towards a buried vent 
(Figure 4.6a), while in the southern Lewis Quarry they dip 30˚ radially away from the southern crater 
(Figure 4.6b). The base is not exposed in either quarry, leaving approximately 8 m of visible vertical 
stratigraphy in the south and 15 m in the north. The northern LK quarry exposes beds across an area of 
80 m N–S while outcrop is limited to several small sections in the Lewis Quarry due to excavations.

In the lower stratigraphy of the southeastern side of the southern scoria cone (Lewis Quarry; 
Figure 4.2c), facies P1 directly underlies facies P2 (well sorted fine ash–fine lapilli; Figure 4.3). The 
contact between the two units is sharp—there is no evidence of erosion or soil formation, but neither 
does the unit grade upwards from one facies to the next. Both units dip away from the southern crater 
of Mt Rouse, from which they erupted. In contrast, in the lower stratigraphy of the eastern side of the 
northern scoria cone (LK Quarry; Figure 4.2c), a gradational contact (several centimetres thick) is 
seen between facies P1 and P2 (Figure 4.6c).

Facies P1 is generally well bedded; with bed thickness on the order of 0.5 m. Beds are traceable 
for several metres before being obscured by quarrying because of their steep dip.

Facies P1 consists of fine ash to coarse lapilli (~100 µm to 70 cm), with large spatter bombs. 
The deposit is moderately to well sorted, with most of the clasts in the coarse lapilli and bomb size 
ranges. Bombs are ~15–20 cm in diameter (with lengths sometimes in excess of 1 m) with a fluidal 
appearance, having stretched vesicles in places. They define the bedding in the lower LK Quarry 
deposits. The remainder of the clast population consists of angular juvenile scoria coated in fine–
coarse ash and free crystals of olivine and pyroxene (Figure 4.6d). The scoria clasts are moderately 
vesicular with vesicles defined by fine crystals rather than glass (Figure 4.6e).

Interpretation
Facies P1 is interpreted as a near-vent scoria airfall deposit formed by a Strombolian-style 

eruption. Fragmentation was by dry magmatic processes as evidenced by the cuspate glass shards 
and vesicularity (e.g., Heiken 1972, 1974; Heiken & Wohletz 1985; Büttner et al. 1999; Dellino et al. 
2001), and the zone of fragmentation was apparently above the level of the country rock (blocks of 
which are absent from the deposit) (Table 4.1). The high angle of the bedding and presence of large 
numbers of spatter bombs indicate that the material was deposited close to vent.   
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Figure 4.6 a) Moderately to well sorted scoria proximal to the vent, with large spatter bombs defining bedding in the LK 
Quarry on the northeastern flank of Mt Rouse; b) Poorly sorted scoria in the Lewis Quarry in the southeastern flank of 
Mt Rouse; c) Contact between facies P1 and P2 in the LK Quarry, showing P1 grading into P2 over a short distance; d, e) 
Typical backscattered electron images of facies P1 (sample LK–MAP1–1); d) Loose juvenile material of (a), showing ash 
coating clasts, composed of microcrystals of olivine and plagioclase (inset); e) Typical interior of scoria clasts of facies 
P1, showing glass (light grey), crystals of olivine and pyroxene with plagioclase microlites (darker greys) and abundant 
oxides (white).
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4.5.2.2 Facies P2: Well sorted fine ash–fine lapilli

Description
Facies P2 is found in the stratigraphy of both the northern and southern cones. In the southern 

cone, approximately 10 m of the facies directly overlies the basal P1 facies (Figure 4.3). Facies 
P1 is traceable for >500 m. In the north, 1.8 m of facies P2 is interbedded with, and in gradational 
contact to, facies P3 in the upper stratigraphy of the northern cone (Figure 4.3). The unit is laterally 
continuous for approximately 38 m, but is bound by normal faults. Facies P2 is well bedded, with bed 
thickness ranging from 2 cm (very thin) to ~0.25 m and features reverse grading. 

Facies P2 consists of angular juvenile clasts of scoria with cuspate glass shards in the matrix 
(Figure 4.7a). Vesicularity ranges from low to high and varies within individual clasts (Figure 4.7b). 
Clast sizes range from fine ash (~100 µm) to fine lapilli (20 mm maximum), with the majority of 
clasts falling in the 0.5–8 mm size range (coarse ash–fine lapilli). Although there are very few bombs 
in the deposit, bombs do define a single layer towards the top of the southern cone deposits. No 
identifiable accessory lithics, accidental clasts or mantle xenolith material are present in the scoria 
and no welded material is present. 
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Figure 4.7 Typical backscattered electron images of facies P2 (sample R4C). a) Cuspate glass shards of fine ash; b) 
Typical interior of scoria clasts, showing vesicles (black), glass (light grey) and crystals of olivine and pyroxene with 
plagioclase microlites (darker greys).

Interpretation
Facies P2 is pyroclastic in origin and was formed by dry magmatic eruptions with the zone 

of fragmentation above the level of the country rock, shown by the cuspate glass shards and lack of 
country rock fragments respectively. Conformable, planar, continuous bedding mantling topography 
is indicative of pyroclastic fallout, and the thickness of the beds and degree of fragmentation (1–
20 mm-sized clasts) are indicative of violent-Strombolian eruptions (Table 4.1). Such events are 
more explosive than micro-Plinian eruptions (Cas et al. 2011), with increasing magma flux rates, 
and feature a higher degree of fragmentation. Pulsatory eruptions produce higher eruption columns, 
which deposit fallout that mantles topography as multiple thin, stratified beds (Macdonald 1972; Pioli 
et al. 2008; Valentine & Gregg 2008; Erlund et al. 2010; Cas et al. 2011; van Otterloo et al. 2013).

The gradation from facies P1 into facies P2 in the northern cone is interpreted as reflecting a 
sudden increase in eruption intensity over a short period, from Strombolian to violent-Strombolian. 
The contact between facies P1 and P2 in the south is related to differences in the chemistry of the 
magmas involved (see section 4.6.1).
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4.5.2.3 Facies P3: Moderately to well sorted fine ash–coarse lapilli/small blocks

Description
Facies P3 forms the main deposits of both the northern and southern scoria cones (Figure 

4.3). Approximately 70 m of facies P3 was logged in the deposits of the southern cone, and ~15 m 
in the upper northern cone. Upwards of 50 m of facies P3 is observable in unstable and inaccessible 
quarry faces through the northern cone, but the contact with the underlying P1 facies is not observed. 
Facies P2 and P3 are observed to grade into each other in the northern cone stratigraphy (Figure 4.3, 
4.8a), but contacts between facies are not observed in the southern cone due to overburden in the Old 
Railway Quarry. In the north, beds dip away from the northern double crater, and in the south they dip 
away from the southern crater. Bedding thickness varies from 0.25 m to >1.5 m thick and is laterally 
continuous for >500 m. 

Facies P3 consists of angular juvenile clasts of scoria with cuspate glass shards in the matrix 
(Figure 4.8b). Vesicularity ranges from low to high and varies within individual clasts (Figure 4.8c). 
Clast sizes are quite variable within beds and range from fine ash–fine lapilli (~<1–3 mm) to coarse 
lapilli–small blocks (60–100 mm). However, on sieving, the majority of material falls within the 
2–64 mm range (fine lapilli–small blocks), making ash a minor constituent. Small blocks/bombs are 
common in the deposit, but there are no identifiable accessory lithics, accidental clasts or mantle 
xenolith material. No welded material is present.

Interpretation
Facies P3 is pyroclastic in origin, from dry magmatic eruptions with the zone of fragmentation 

above the level of the country rock, evidenced by the cuspate glass shards and lack of country rock. 
Bedding that mantles topography and well sorted deposits are indicative of pyroclastic fallout (Cas & 
Wright 1987). The thickness of the beds (0.5 m to >1.5 m) and degree of fragmentation (average 2–64 
mm-sized clasts) are indicative of micro-Plinian eruptions (Table 4.1; Francis et al. 1990; Behncke 
et al. 2006; Blaikie et al. 2012; van Otterloo et al. 2013; Jordan et al. 2014), rather than Strombolian 
eruptions, because the material mantles the topography, indicating fallout from a sustained eruption 
column. The violent-Strombolian eruptions of facies P2 are clearly different both in terms of bed 
thickness (2 cm to 0.25 m) and grainsize (average 0.5–8 mm).

The grading of facies P2 (violent-Strombolian) into P3 (micro-Plinian) indicates that the 
eruption style varied in intensity throughout a single series of eruptions.
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Figure 4.8 a) Facies P3 grading into facies P2 in the LK Quarry to the northeast of Mt Rouse; b, c) Typical backscattered 
electron images of facies P3 (sample R4AP); b) cuspate glass shards of fine and coarse ash; c) typical interior of scoria 
clasts, showing vesicles (black), glass (light grey) and crystals of olivine with plagioclase microlites (darker greys) 
(sample R4AP).

4.5.2.4 Facies P4: Cross-bedded fine ash–fine lapilli

Description
Facies P4 is found exclusively in the deposits of the upper southern cone (Figure 4.3); it has 

a thickness of 1.8 m over two units that are stratigraphically approximately 20 m apart (lower unit 
= 30 cm and upper unit = >1.5 m thick; Figure 4.3). Cross bedding in the form of pinch-and-swell 
structures is ubiquitous (Figure 4.9a). Facies P4 is laterally discontinuous, but the uppermost unit can 
be traced for more than 300 m before it pinches out beneath facies C1 (lavas).

Facies P4 consists of well sorted angular juvenile clasts of scoria ranging from fine ash to fine 
lapilli (100 µm to 8 mm). However on sieving the majority of clasts fall in the coarse ash (52.43%) 
to fine lapilli (47.10%) size range and there are no accretionary lapilli (Figure 4.9b). The uppermost 
(and thicker) of the two units also contains both well preserved and broken up Pele’s tears (achneliths) 
and fragments of broken Pele’s hair (Figure 4.9c, d). The tears form a variety of shapes and sizes from 
<1 mm to 1 cm, perfectly spherical, classic teardrop shapes, fusiform or globular, while the hairs are 
broken into fragments up to 9 mm long and can be extremely fine and delicate (Figure 4.9c, d). Many 
tears are still attached to the hairs, and feature crystal clusters in the head and elongated stretched 
vesicles with their long axes running through the hair. 
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Interpretation
The lack of substantial amounts of fine ash (<1%) and the presence of clasts with sharp, 

cuspate boundaries are indicative of dry magmatic pyroclastic eruptions, while the pinch and swell 
structures are evidence of transportation and deposition via a surge event.  Phreatomagmatism creates 
clasts that are blocky in shape with stepped fracture from brittle fragmentation (Heiken 1972, 1974; 
Heiken & Wohletz 1985; Dellino & La Volpa 1995; Büttner et al. 1999, 2002; Dellino et al. 2001) and 
accretionary lapilli are a common occurrence (but are not found in facies P4). Dry surge events are 
common during micro-Plinian and violent-Strombolian events (Francis et al. 1990; Valentine & Gregg 
2008), as gas builds up in the magma, or very small amounts of water entering the eruption column 
generate lateral explosions of gas, which sweep up loose pyroclasts and deposit them. Indeed, two 
individual surge events can be seen in the stratigraphy of the southern cone of Mt Rouse, both of which 
grade upwards from micro-Plinian fallout. However, Pele’s hair and tears form during Hawaiian-style 
fire-fountaining events through the explosive eruption of low viscosity magmas (Walker & Croasdale 
1971; Duffield et al. 1977; Heiken & Wohletz 1985; Moune et al. 2007; Porritt et al. 2012)—a direct 
contrast to the higher viscosity magmas leading to violent-Strombolian and micro-Plinian deposits. 
No literature could be found relating to Pele’s tears and surge deposits, meaning that such deposits 
are unusual worldwide. It is most likely that the achneliths formed first and were entrained into the 
surge deposit as it travelled. 

The upper surge deposit, which pinches out beneath lava flows, was either eroded before the 
lava was emplaced or by the lavas themselves.
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Pele’s tear

Figure 4.9 a) Cross-bedded fine ash–fine lapilli deposit showing pinch and swell structures; b) backscattered electron 
image of deposit R4N showing angular juvenile scoria clasts and a single Pele’s tear in the field of view; c) Pele’s tears 
ranging from perfectly spherical to classic teardrop shapes; d) Broken fragments of Pele’s hair.
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4.5.2.5 Facies P5: Palagonite altered, armoured fine lapilli-rich, ash

Description
Facies P5 is the uppermost deposit across the eastern side of the southern scoria cone and the 

northeastern side of the northern scoria cone. It is a rich orange colour, varying in thickness from <0.25 
m in the far north and south of the scoria cones, to 3 m in the southeast. Facies P5 occurs above facies 
P2, P3 and C1 and grades upwards into a well-developed soil approximately 1–1.5 m thick (Figure 
4.10a). To the north, the contact with facies P3 is sharp, as there is a sudden increase in ash content 
and palagonitisation is ubiquitous in facies P5. The contact with facies C1 to the south is also sharp 
as C1 is a lava flow and P5 pyroclastic. In the southern cone P5 shows a sharp contact with facies P3 
and is defined by a layer at the top of P3 rich in bombs (Figure 4.10a,b). The contact between facies 
P5 and facies P2 varies between planar and undulating. Where the contact is undulating it appears 
as a gradational discolouration downwards (orange) into the fresh black scoria of facies P2. Where 
the contact is sharp, black scoria is overlain by the orange ash and armoured lapilli-rich P5 facies. 
Facies P5 appears massive and structureless in all locations; however, on excavation in a few places 
it is possible to discern some relict bedding that appears haphazard and laterally discontinuous. It is 
unclear if these beds represent cross beds; no directional data could be obtained from them.

Facies P5 is unconsolidated and very poorly sorted, with clast sizes ranging from fine ash 
to fine lapilli (0.03–6 mm with 53% of the deposit comprised of ash). The matrix material is a mid-
brown colour and is composed of abundant glass, which is mainly altered to palagonite (glass altered 
to an orange colour represents gel palagonite and dark brown areas are most likely smectite; Figure 
4.10c). Facies P5 also contains abundant free crystals of olivine (<0.01–0.23 mm), pyroxene (<0.01–
0.33 mm)) and plagioclase microlites (up to 0.08 mm long) (Figure 4.10d). The matrix forms the 
rinds of armoured lapilli, which are lithic fragments or free crystals surrounded by a coating of ash 
and are similar to those described by other authors (e.g., Waters & Fisher 1971; Vespermann & 
Schmincke 2000; White & Houghton 2000; Thordarson 2004), where the microlites sometimes show 
preferred orientation around the internal clasts. All scoria clasts represent armoured lapilli, being 
coated in rinds (0.1–2.2 mm thick) of the unstructured ash. Three different populations of armoured 
lapilli are observed based on differences between core clast type as identified in thin section: (1) 
angular vesiculated juvenile clasts with variable palagonitisation (2) rounded vesicular clasts with 
palagonitised glass (Figure 4.10d) and (3) blocky, very poorly vesiculated, plagioclase-microlite rich 
clasts. Free crystals of olivine and pyroxene 0.1–0.2 mm are also abundant in Facies P5 as the smaller 
fraction of armoured lapilli; these have ash rinds 45 µm to 0.1 mm in width (Figure 4.10e). No 
country rock material is found in facies P5.

Interpretation
The massive and poorly sorted character of the P5 facies indicates deposition by mass flow, 

while the proximity to the southern crater of Mt Rouse and volcanic nature of components suggest 
either a pyroclastic or debris flow. Due to the presence of large amounts of armoured lapilli facies P5 
is most likely a small-volume pyroclastic flow that entrained and abraded material during deposition. 
It is common for such flows to produce poorly sorted massive deposits (Brown & Andrews 2015). Ash 
has filtered down through the underlying deposits over time, partly obscuring the internal structure.
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Figure 4.10 a) Facies P5 overlying facies P3 in the Old Railway Quarry, associated with a bomb-rich horizon; b) close-up 
of the contact between facies P5 and P3; c) ash matrix of facies P5 showing gel and laminar palagonite-altered glass and 
free crystal of pyroxene (sample R4O); d) armoured lapilli with reworked, rounded, palagonite-altered core (right) and 
thick ash rind (left) with olivine microphenocrysts and rich in plagioclase microlites (sample R4O); e) small armoured 
lapilli with free crystal of pyroxene making up the core (sample R4O).

The abundance of ash in the deposit (>53%) coupled with the presence of armoured lapilli 
indicates phreatomagmatism. Ash tends to aggregate when there is >5% water available during an 
eruption (Houghton et al. 2015) and water forms the dominant control on armoured lapilli formation 
(Gilbert & Lane 1994; Sparks et al. 1997; Costa et al. 2010; Durant et al. 2010; Folch et al. 2010; 
Telling & Dufek 2012). The absence of country rock lithic clasts indicates surface waters drove 
magma fragmentation, rather than an aquifer. The intensity of alteration is further support for a 
phreatomagmatic origin, with the water incorporated into the fragmental debris driving alteration 
reactions. 

The first population of armoured lapilli (1) are inferred as juvenile clasts due to their angularity. 
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Population (2) are reworked accidental clasts abraded during the eruptive event. Rounding of scoria 
clasts is indicative of abrasion, and either long transport histories or significant interaction in a 
turbulent flow (e.g., Dufek & Manga 2008; Kueppers et al. 2012). Since the material is close to the 
vent and the deposit is not found further from the vent than ~800 m, interaction in a turbulent flow 
is more likely. Such abrasion can also add substantial amounts of ash to a deposit (Dufek & Manga 
2008). Population (3) are cognate lithics, which are typically non-vesiculated (Cas & Wright 1987). 
Due to their crystalline nature, they were most likely eroded from the conduit walls during eruption.

Basaltic glass can be altered to palagonite either during a hydrovolcanic eruption or post-
deposition by either weathering or from hydrothermal activity (Vaniman et al. 1992; Stroncik & 
Schmincke 2002). Hydrothermal activity is ruled out in the case of Mt Rouse due to the restriction of 
palagonite only to facies P5, but weathering must have played some role (which is probably ongoing).

  
4.5.2.6 Facies P6: Spatter agglomerate

Description
Facies P6 is found in association with facies P1 in the lower stratigraphy of the northern cone 

and as isolated outcrops at the top of the northern cone and southern satellite cones. 
In the lower stratigraphy, the spatter deposit is approximately 14 m thick, and although it 

seems discordant with the bedding of facies P1 and laterally discontinuous at approximately 12 m 
across (Figure 4.11a), relict bedding of facies P1 can be faintly seen. On top of the northern scoria 
cone facies P6 forms a linear NE–SW spatter rampart approximately 60 m in length formed of isolated 
boulders that is ~1.6 m high (Figure 4.11b). The facies below P6 is unknown due to the presence of 
vegetation, but is presumed to be fragmental in nature as the location is the summit of the northern 
scoria cone. The placement of a weather station at the summit may have led to the removal of part of 
the spatter rampart. To the south, facies P6 is found at the vents of the two satellite cones on the rim 
of the southern crater. At the southwestern satellite cone, a small spatter rampart 13 m long and 1.5 m 
high can be seen; while the southern satellite cone features low (<0.25 m) weathered boulders with 
the outlines of spatter clasts still visible. 

In the lower stratigraphy, facies P6 forms a poorly sorted mixture of fluidal spatter bombs 
of variable sizes. The largest bombs are ~1.3 m in length and 0.5 m high, flattened on impact and 
the smallest 0.25 m long and 0.4 m high. In general the bombs have vesiculated interiors and 
breadcrusted rinds. The matrix consists of fine ash–coarse lapilli and is similar to that of facies P1 
(but less abundant), with which it is associated. 

On top of the northern cone, facies P6 consists of flattened spatter bombs up to 0.5 m long and 
8 cm thick in a matrix of agglutinated coarse ash–medium oxidised lapilli (2–20 mm). A single mantle 
xenolith was found in the deposits; this was 4 mm in length and was composed mainly of kink-banded 
olivine. In contrast, the spatter rampart of the southwestern satellite cone is composed of large blocks 
and lapilli are absent.

Interpretation
The presence of spatter bombs and lapilli is indicative of dry magmatic, low intensity 

fragmentation above the level of country rock as airfall deposited close to the vent in order for 
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Figure 4.11 a) Facies P6 in association 
with facies P1 in the lower stratigraphy 
of the northern cone, showing an area 
dense with spatter bombs that show relict 
bedding consistent with the surrounding 
P1 deposits; b) Facies P6 deposits at the 
top of the northern scoria cone showing 
agglutinated scorias and large broken 
spatter bomb.

agglutination to occur. Spatter is characteristic of Strombolian eruptive styles (Table 4.1) as fragments 
of magma erupted near-vent are plastically deformed while hot and form agglutinate on contact 
(Blackburn et al. 1976; Batiza & White 2000; Vergniolle & Mangan 2000).

The deposits in the lower stratigraphy were erupted contemporaneously to facies P1 as 
relict bedding can be seen—they represent an increase in the proportion of spatter bombs during the 
eruption and most likely not a small vent forming a spatter cone as initially interpreted by Boyce et al. 
(2015; Chapter 5). Those of the northern scoria cone and southern satellite cones are the final eruption 
products and represent waning magmatism.
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4.6 Discussion

4.6.1 Stratigraphic architecture and evolution of the Mt Rouse complex

Mt Rouse is a complex volcano, having erupted eight different facies from at least seven 
vents; many of these eruptions were discrete and some involved the reuse of already-open conduits. 
The geochemistry of the deposits provides further constraints on eruption sequence of Mt Rouse and 
highlights the complex nature of the stratigraphic architecture and eruption sequence of the volcano.

The products of Mt Rouse have been geochemically analysed throughout the stratigraphy 
detailed in this study (Boyce et al. 2015/Chapter 5). Geochemically the products are similar to Ocean 
Island Basalts, and three distinct magma batches were defined with increasing alkalinity (batches A, 
B and C; Boyce et al. 2015/Chapter 5). Batch A consists of alkali to subalkali basalts, batch B ranges 
from alkali basalt to hawaiite and batch C alkali basalt through hawaiite to basanite. The magmas are 
increasingly enriched in the Light Rare Earth Elements from batch A through to batch C (Boyce et al. 
2015/Chapter 5). 

Magma batch A constitutes the entirety of facies C1 (lavas), which encompasses the long 
lava flows and the interbedded lava shield (including the final eruption products of the southern 
crater), and the achneliths of the upper unit of facies P4 (cross bedded fine ash–fine lapilli) but not the 
scorias (Figure 4.3). This has important implications for the stratigraphic architecture of the complex. 
Magma batch A erupted over at least two phases—the long lava flows and the lava shield. The latter 
must have begun with Hawaiian fire fountaining that created the achneliths that were consequently 
swept up into the dry surge deposit of a different magma batch (see below). Because the surge grades 
upwards from fallout, and both the surge and the lava dip away from the southern crater, this implies 
that two batches of magma were erupting from the same or closely spaced vents at similar times. The 
eruption that created the achneliths went on to create the lava flow directly above the surge deposit 
that is associated with the lava shield.

Magma batch B constitutes the upper half of the pyroclastic deposits of the southern cone, 
which include facies P2 (well sorted fine ash –fine lapilli), P3 (moderately to well sorted fine ash–
coarse lapilli/small blocks), the scorias of facies P4 (cross-bedded fine ash–fine lapilli), and the 
armoured lapilli of facies P5 (palagonite altered, armoured lapilli-rich, ash). That these facies are 
found both above and below the interbedded lava flow, all dipping away from the southern cone, 
provides further evidence of two magma batches erupting at similar times from the same or closely-
spaced vents.

Magma batch C comprises the entirety of facies P1 (coarse grained, moderately to well sorted 
bedded ash–lapilli–bombs) in the lower northern and southern cones, and facies P2, P3, P6 and C2 
in the northern cone. This implies that two small Strombolian cones were active before the main 
northern cone built up.

The architecture and evolution of the Mt Rouse complex can be split into four distinct phases 
using stratigraphic, geochemical and facies analysis together (Figure 4.3 and 4.12; Table 4.3), viz: (1) 
extrusion of the long lava flows, (2) low cone-building south–north (3) main northern cone-building 
and (4) southern cone-building coupled with extrusion of the lava shield. This is shown in Figure 4.12 
alongside the facies distribution.
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4.6.1.1 Phase 1: Long lava flow extrusion

The long lava flows of Mt Rouse were the first products to erupt because the scoria cones sit 
on top of them (e.g., Elias 1973; Whitehead 1991; Sutalo 1996). The lavas (facies C1; magma batch 
A) were erupted onto relatively flat topography with an average gradient of 1:200 (300 m in 60 km) 
from cone to sea (Ollier 1985). Geomorphic and regolith relationships suggest the flows are all from 
Mt Rouse (Ollier, 1985; Whitehead 1991; Sutalo & Joyce, 2004), and this study shows the lavas 
to be geochemically and petrographically similar. During eruption of pahoehoe, little lava usually 
accumulates near-vent because of the efficiency of transport of the fluidal lava through crusted-over 
lava tubes (Self et al. 1998). 

Vents for the initial lava flows must have been buried by the construction of the scoria cones. 
Since they are not exposed through quarrying, the vent type is unknown; however, it is clear that any 
edifice that built up was of very low profile. These eruptions do not constitute a separate volcano 
because magmas of identical composition and petrology erupted during the building of the southern 
scoria cone to create the lava shield (Boyce et al. 2015/Chapter 5). Low profile lava shields are 
common in the NVP—for example the edifice of the nearby Jays Hill lava shield is only 9 m high 
(Boyce et al. 2014/Chapter 3). 

4.6.1.2 Phase 2: Low south–north cone-building phase 
 
By examining the lower parts of the stratigraphy of both the northern LK Quarry (levels 3 and 

4; Appendix 4) and southern Lewis Quarry, two vents can be identified (by strike/dip of beds e.g., 
Figure 4.2) which erupted facies P1 (coarse grained, moderately to well sorted bedded ash–lapilli–
bombs) to form two low Strombolian scoria cones, both of magma batch C composition (Figure 4.3). 

Although the contact between the two cones was not observed, it is likely that the eruptions 
began in the south with the construction of the southern Strombolian cone before shifting to the north, 
because the eruption of magma batch C then intensified (Phase 3) to create the main northern cone.

4.6.1.3 Phase 3: Main northern cone-building phase
 
The stratigraphy of the upper LK Quarry and the summit of the northern cone reveal the nature 

of the main cone-building phase of the northern scoria cone, which is composed of magma batch C. 
The two main vents for Phase 3 form a double crater with a horseshoe shape reaching ~95 m above 
the surrounding lava plains that is breached to the west. Because the quarries examined are on the 
outer flanks of the scoria cone they only reveal details of the later parts of the material produced by 
the eruption; these consist of facies P2 (well sorted fine ash–fine lapilli; violent-Strombolian) and P3 
(moderately to well sorted fine ash–coarse lapilli/small blocks; micro-Plinian), with minor amounts 

Figure 4.12 (right) Digital elevation models of Mt Rouse (NASA ASTER) for each facies, showing exposed (solid) 
and inferred (transparent) distribution. Colours refer to the magma batches of Boyce et al. (2015)/Chapter 5, according 
to increasing alkalinity: batch A, blue; batch B, red; batch C, green. Stars refer to vents for each eruption, coloured by 
magma batch. Facies: C1 lava; C2 discordant coherent basalt; P1 coarse grained, moderately to well sorted bedded 
ash–lapilli–bombs; P2 well sorted fine ash–fine lapilli; P3 moderately to well sorted fine ash–coarse lapilli/small blocks; 
P4 cross bedded fine ash–fine lapilli; P5 palagonite altered, armoured lapilli-rich, ash; P6 spatter agglomerate. NASA 
ASTER GDEM is a product of METI and NASA.
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of facies P6 (spatter agglomerate) as the final eruption products. Syn-depositional faulting is evident 
throughout the stratigraphy, but more so in the distal areas of the upper scoria cone (levels 1 and 2 of 
the LK quarry), signifying partial collapse of the scoria cone during construction. 

At the summit of the northern cone lies an additional vent in the form of a spatter rampart, 
which is approximately 60 m long and 1.5 m high made up of facies P6 (spatter agglomerate). Weak 
columnar jointing on nearby blocks indicates the vent position. This was erupted in a mild Strombolian 
eruption as the final eruption product of magma batch C. 

4.6.1.4 Phase 4: Southern cone-building coupled with extrusion of the lava shield

The final phase of activity at Mt Rouse was deduced by examining the stratigraphy of both 
the Old Railway Quarry and the Lewis Quarry to the south and east of the southern scoria cone. The 
eruptions during this phase were varied and complex, involving two magma batches (A and B) and 
five facies (P2–P6).

The southern scoria cone of Mt Rouse is much lower than the northern cone. The crater itself 
is only 25 m higher than the surrounding lava plains, and the edges of the scoria cone range from 64 
to 72 m above sea level at the satellite cones. Immediately overlying the low southern Strombolian 
cone of Phase 2 (facies P1) is facies P2 (well sorted fine ash–fine lapilli). These deposits represent the 
initial eruptions of magma batch B and the eruption varied between violent-Strombolian (facies P2) 
and micro-Plinian (facies P3—moderately to well sorted fine ash–coarse lapilli/small blocks). 

The remainder of the stratigraphy of Mt Rouse involves the eruption products of magma 
batch B and the renewed eruption of magma batch A. There is evidence for both magmas erupting 
at the same or similar times from closely spaced vents (if not the same) in the southern crater. Facies 
P4 (cross bedded fine ash–fine lapilli) grades upwards from facies P3 and represents a gas build-up 
in magma batch B. However, in the upper parts of the stratigraphy the final surge contains scoria 
of magma batch B and achneliths of magma batch A. This implies that magma batch A had begun 
erupting again through Hawaiian-style fire fountaining at the same time that magma batch B was 
erupting during a micro-Plinian event. The vent must be inferred as at or close to the southern crater 
of Mt Rouse, as lava flows that overlie the facies P4 surge (facies C1; magma batch A; Figure 4.3) 
originate from this crater. Immediately overlying the thin lava flow is facies P5 (palagonite altered, 
armoured lapilli-rich, ash), which originates from a phreatomagmatic eruption of magma batch B. 
The vent for this eruption has been obliterated, but as the deposit is thickest in the southeast of Mt 
Rouse, thinning to the north and south, it must have originated from the southern crater, which was 
the source of magma batch B. The final eruption products of magma batch B were the two satellite 
cones on the rim of the southern crater. These are not covered with facies P5 and are composed of 
facies P6 (spatter agglomerate). The eruption of Mt Rouse ended with the emplacement of the lava 
shield (which may have been on-going since the initial re-eruption of magma batch A) through a 
breach in the western side of the southern crater. 
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4.6.2 Factors causing alternating eruption styles

Eruption styles at Mt Rouse were controlled by magma composition, mass flux rate, the 
amount of dissolved volatiles in the melt, external water becoming involved in the eruption and vent 
re-use.

Compositionally, all of the effusive Hawaiian-style facies of Mt Rouse (C1 and the Pele’s hair 
and tears of P4) are magma batch A of Boyce et al. (2015/Chapter 5). The early Strombolian cones 
are magma batch C, while micro-Plinian and violent-Strombolian eruption styles are compositionally 
magma batches B and C. Minor Strombolian products are also found as the final eruption products of 
magma batches B and C.

The mass flux rate of the magma is an important control on eruption, and can be linked with 
the composition. Flux rate controls the movement of gas bubbles. In a low-flux magma with low 
bubble rise rates, a vesicular foam is erupted (Hawaiian-style) due to bubble overpressure (Wilson & 
Head 1981; Parfitt 2004; Houghton & Gonnermann 2008). When the magma flux rate is low, but the 
magma is actively degassing, bubbles coalesce to form slugs and drive Strombolian activity at the 
vent as they burst (Blackburn et al. 1976; Wilson 1980; Parfitt & Wilson 1995). At high flux rates, 
the bubbles remain in the melt and have less time for interaction. As the magma rises, the exsolved 
gases expand, and this results in greater acceleration and higher eruption velocities (Parfitt & Wilson 
1995), leading to violent-Strombolian and micro-Plinian eruption styles. Therefore at Mt Rouse it 
can be inferred that both the initial (facies P1; Strombolian) and final (facies P6; minor Strombolian) 
eruptions of magma batch C and the final eruption of magma batch B (facies P6; minor Strombolian) 
were low flux. The initial eruption of magma batch C was Strombolian due to the low flux rate of the 
magma as it erupted at the surface via a previously unused conduit to the south, and as the eruption 
migrated to the north. As the magma flux increased and varied in intensity, eruption styles alternated 
between micro-Plinian and violent-Strombolian (Phases 3–4; Figure 4.12). The eruption of magma 
batch B in the south (Phase 4; facies P2) began as a violent-Strombolian event rather than Strombolian. 
This is most likely due to the batch of magma using the already open, and as-yet unsolidified conduit 
from which the southern early eruption centre of magma batch C erupted, promoting rapid flow 
(e.g., Carrigan & Eichelberger; see section 4.7). The spatter ramparts that represent the final eruption 
products of magma batches B and C formed as the magma flux significantly waned and ceased.

The amount of dissolved volatiles in the melt is important because it can affect the properties 
of the ascending magma, including the rheology (e.g., lead to increased buoyancy through exsolution 
via decompression; Sparks et al. 1978), and the eruptive behaviour, as reviewed in detail by Houghton 
& Gonnermann (2008). We can infer that magma batch A of Mt Rouse, which erupted effusively, 
featured a lower volatile content than magma batches B and C, which were explosive. This is linked 
to the chemistry of the magmas and the nature of the underlying lithosphere beneath western Victoria, 
for which there is evidence of increasing metasomatism with depth (e.g., Frey et al. 1978; McDonough 
et al. 1985; McDonough & McCulloch 1987; Boyce et al. 2014). On a broader scale, the two series 
of geochemically and isotopically distinct basalts in the NVP, the Plains series and the Cones series 
(McDonough et al. 1985; Price et al. 1988; Vogel & Keays 1997) were most likely derived from a 
deepening source region, with the Plains basalts (which include magma batch A) from a shallower 
area of the lithosphere than the Cones basalts (which include magma batches B and C) (Frey et al. 
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1978; McDonough et al. 1985; McDonough & McCulloch 1987; Boyce et al. 2014, 2015). Further 
studies should therefore focus on the volatile contents of the magmas, for example by the analysis 
of melt inclusions and groundmass glasses, to study the pre-eruptive volatile contents and degassing 
paths of the magmas (e.g., Atlas et al. 2006).

Water had an important control on the eruption style at Mt Rouse, but only during the later 
phases of eruption. Initial eruptions were not phreatomagmatic as there was presumably no aquifer in 
the granitic basement beneath Mt Rouse. The interaction of magma batch B with an unknown surface 
water source led to the generation of a small-volume, armoured lapilli-rich pyroclastic flow. The 
water must have been ponded in a low-lying area of the cone away from the main vent(s) for magma 
batch A, which was erupting at similar times.

Monogenetic volcanoes are traditionally thought to be the product of single batches of magma, 
after the passage of which pathways cool sufficiently to prevent the eruption of subsequent magma 
batches (e.g., Walker 2000). Recently, several monogenetic volcanoes have been described as being 
composed of two batches of magma (e.g., Luhr 2001; Strong & Wolff 2003; Brenna et al. 2010, 2011; 
van Otterloo 2014); however, few authors discuss conduit reuse due to stratigraphic relationships 
obscuring vent locations. Conduit reuse is described at Udo, Jeju Island, South Korea, which erupted 
two sequential magma batches, with some samples of intermediate composition (Brenna et al. 2010). 
Conduits were also reused during eruptions of Rangitoto in the Auckland Volcanic Field, New 
Zealand. Rangitoto is a polycyclic volcano that erupted two magma batches through separate vents 
with a time gap of ~60 years (Needham et al. 2010). 

In the southern cone of Mt Rouse, there appears to have been conduit reuse by all three magma 
batches involved in the genesis of the volcano. The orientation of the bedding indicates that these 
magmas erupted from the southern crater (Figure 4.2; section 4.6.1.4). There is no evidence of time 
breaks between eruptions or of magma mixing in the geochemistry of the deposits. In addition, a surge 
deposit containing the products of two magma batches indicates that fire fountaining of magma batch 
A and micro-Plinian eruptions of magma batch B were occurring simultaneously from closely-spaced 
vents at the southern crater (section 4.5.2.5; this is the only deposit containing the products of two 
magma batches). For magma batches A and B to erupt simultaneously, there must have been particular 
properties of the magmas that prevented them from geochemically mixing. Temperature, density and 
viscosity contrasts can act to inhibit mixing, as can high flux rates. The magmas originated from the 
lithosphere–asthenosphere boundary and must have had relatively rapid ascent rates to entrain small 
mantle xenoliths (batches A and C at least; Boyce et al. 2015/Chapter 5); and they likely used the 
same pathways from depth. With batch A erupting effusively and batch B explosively, the viscosity of 
batch A must have been substantially lower than that of B.  This could have led to core-annular flow in 
the conduit—the lower viscosity magma may have migrated to the conduit walls, acting as a lubricant 
for the higher viscosity magma, which would have formed the core of the flow and erupted separately 
(Carrigan & Eichelberger 1990).  Slight differences in temperature between the magma batches could 
have acted to produce chilling at the boundaries between the magmas and prevent mixing (Brenna et 
al. 2010), while high flux rates are inferred for the violent-Strombolian and micro-Plinian eruption 
events of magma batch B (see above).
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4.7 Conclusions

1. Mt Rouse consists of eight facies, which were sourced from three different magma batches
 that erupted from at least 7 vents (including vent reuse).

2. Facies identified at Mt Rouse include both coherent and fragmental types. These are C1 lavas; 
 C2 discordant coherent basalt; P1 coarse grained, moderately to well sorted bedded ash–
 lapilli–bombs; P2 well sorted fine ash–fine lapilli; P3 moderately to well sorted fine ash–
 coarse lapilli/small blocks; P4 cross bedded fine ash–fine lapilli; P5 palagonite altered,
  armoured lapilli-rich, ash; P6 spatter agglomerate. 

3. Eruption styles at Mt Rouse varied from Hawaiian and Strombolian to micro-Plinian through 
 violent-Strombolian and phreatomagmatic. 

4. Controls on eruption style at Mt Rouse include magma composition, mass flux rate, vent
 reuse, the possible involvement of external water in the eruption and presumably the juvenile 
 volatile content of the melt.

5. Mt Rouse erupted over four phases. Magma batches A, C and B were erupted sequentially, 
 followed by batches A and B simultaneously.

6. Mt Rouse is an extremely complex polymagmatic yet monogenetic volcano, which does not 
 fit the traditional assumption that monogenetic volcanoes are simple in nature, produced from 
 the short-lived eruption of a single magma batch.
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volcanism. An eruption chronology involves sequential 
eruption of magma batches A, C and B, followed by simul-
taneous eruption of batches A and B. Mt Rouse is a com-
plex polymagmatic monogenetic volcano that illustrates the 
complexity of monogenetic volcanism and demonstrates 
the importance of combining detailed stratigraphic analysis 
alongside systematic geochemical sampling.

Keywords Monogenetic volcanism · Newer Volcanics 
Province · Intraplate basaltic volcanism · Polymagmatic

Introduction

Monogenetic volcanoes are the most common form of con-
tinental basaltic volcanism on Earth, although poorly under-
stood. Walker (2000) states “…a volcano is monogenetic if 
the magma supply is so small or episodic that any pathways 
have cooled down and are no longer favoured routes for the 
next magma batch”. Thus, individual monogenetic volcanic 
centres are thought to represent one short-lived phase of erup-
tion, simple in nature and involving single magma batches.

Recent research on monogenetic volcanism (e.g. Luhr 
2001; Brenna et al. 2010, 2011) has led to the emergent 
field of study into complex and/or polymagmatic monoge-
netic volcanic centres, whereby detailed research on indi-
vidual centres in monogenetic volcanic fields has found that 
they may be complex in nature, involving more than one 
magma batch or magma pulse with complex evolutions, yet 
were produced from a single series of eruptive events and 
therefore cannot be defined as polygenetic. Examples of 
such volcanic centres include the sequential eruption of two 
magma batches at Parìcutin, in the Michoacán–Guanajuato 
volcanic field, Mexico (Luhr 2001; Erlund et al. 2010) and 
four centres in the Southern Cascades—Brush Mountain, 

Abstract Monogenetic volcanoes have long been 
regarded as simple in nature, involving single magma 
batches and uncomplicated evolutions; however, recent 
detailed research into individual centres is challenging that 
assumption. Mt Rouse (Kolor) is the volumetrically larg-
est volcano in the monogenetic Newer Volcanics Province 
of southeast Australia. This study presents new major, 
trace and Sr–Nd–Pb isotope data for samples selected on 
the basis of a detailed stratigraphic framework analysis of 
the volcanic products from Mt Rouse. The volcano is the 
product of three magma batches geochemically similar to 
Ocean–Island basalts, featuring increasing LREE enrich-
ment with each magma batch (batches A, B and C) but no 
evidence of crustal contamination; the Sr–Nd–Pb isotopes 
define two groupings. Modelling suggests that the magmas 
were sourced from a zone of partial melting crossing the 
lithosphere–asthenosphere boundary, with batch A form-
ing a large-volume partial melt in the deep lithosphere 
(1.7 GPa/55.5 km); and batches B and C from similar 
areas within the shallow asthenosphere (1.88 GPa/61 km 
and 1.94 GPa/63 km, respectively). The formation and 
extraction of these magmas may have been due to high 
deformation rates in the mantle caused by edge-driven 
convection and asthenospheric upwelling. The lithosphere–
asthenosphere boundary is important with respect to NVP 
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Round Barn Cones and two cones on the Popcorn Cave 
mafic shield (Strong and Wolff 2003). Jeju Island, an intra-
plate stratovolcano in South Korea containing >300 mono-
genetic scoria cones, has been of recent interest with the 
discovery of several complex cones—Udo erupted two 
magma batches in succession (Brenna et al. 2010, 2011), 
while Ichilbong erupted two or three magma batches in 
pulses (Sohn et al. 2012) and Songaksan and Suwulbong 
were each derived from pulses of a single, rapidly evolving 
magma batch (Brenna et al. 2011). Xitle, central Mexico 
may have erupted two magma batches, based on analysis 
of melt inclusions (Cervantes and Wallace 2003), and both 
Mt Gambier and the Red Rock Volcanic Complex in the 
Newer Volcanics Province (NVP), southeast Australia were 
derived from two simultaneously erupting magma batches 
resulting in complex deposits (Piganis 2011; van Otter-
loo et al. 2014). In addition, Rangitoto in the monogenetic 
Auckland Volcanic Field, New Zealand, featured sequential 
eruption of two magma batches, with a ~60-year time gap 
between eruption of the magmas (Needham et al. 2010).

This study focuses on Mt Rouse (which has the Abo-
riginal name of Kolor), the volumetrically largest eruption 
centre in the NVP. Through detailed and systematic strati-
graphic and geochemical analysis, we show that Mt Rouse 

is an unusual monogenetic volcano; it was formed from 
multiple magma batches that were emplaced during a com-
plex eruption sequence involving the sequential eruption of 
three magma batches followed by the simultaneous erup-
tion of two, in a single series of events.

Geological setting

The late Cainozoic NVP is a continental intraplate monoge-
netic volcanic field covering >19,000 km2 from Melbourne, 
VIC to the Mt Burr range in southeast South Australia—
a distance of 410 km (Fig. 1). The 8 Ma to ca 5,000 BP 
NVP (Blackburn 1966; McDougall et al. 1966; Blackburn 
et al. 1982; Cayley et al. 1995; Edwards et al. 2004; Gray 
and McDougall 2009; Gouramanis et al. 2010) is composed 
of >437 short-lived monogenetic basaltic volcanoes (Ollier 
and Joyce 1964; Joyce 1975; Boyce 2013; this study) with 
an estimated total volume of 1,300 km3 (Wellman 1971). 
The centres are defined as either simple or complex; sco-
ria cones, lava shields, maars, ash cones/domes and some 
centres of unknown character are morphologically simple, 
with few vents, while magmatic, maar or maar–cone vol-
canic complexes are indeed complex, featuring intricate 
morphologies and multiple vents (Boyce 2013).
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The NVP is subdivided into three subprovinces based 
on geomorphology; from east to west, they are the Central 
Highlands, Western Plains and Mt Gambier subprovinces 
(Joyce 1975; Nicholls and Joyce 1989). The Western Plains 
(the focus of this study) is the largest subprovince, extend-
ing 320 km from Melbourne to Portland, covering an area 
of >14,600 km2 and is characterised by extensive plains-
forming lava fields filling the subdued surface topography 
of the underlying Otway Basin. The subprovince contains 
42 % of all NVP volcanic centres (Boyce 2013), with a 
concentration of phreatomagmatic eruption centres in the 
Colac–Warrnambool area to the south, attributed to magma/
water interaction within the Cainozoic sedimentary aqui-
fers of the Otway Basin (Joyce 1975). The Western Plains 
is split by the Mortlake Discontinuity (Price et al. 1997), 
whereby Sr-isotopic ratios of basalts are higher in the east, 
with values of 0.7035–0.7058 compared with the west with 
values of 0.7035–0.7047 (Cooper and Green 1969; Dasch 
and Green 1975; Stuckless and Irving 1976; McDonough 
et al. 1985; Whitehead 1986; Ewart et al. 1988; Price et al. 
1997; McBride et al. 2001; Foden et al. 2002; Demidjuk 
et al. 2007). The Mortlake Discontinuity corresponds to 
the Palaeozoic Moyston Fault, which marks the boundary 
between the Delamerian and Lachlan fold belts (Korsch 
et al. 2002; Cayley et al. 2011).

Mt Rouse magmatic volcanic complex

Mt Rouse lies in the Hamilton area of the Western Plains 
subprovince (Figs. 1, 2) and is a composite volcano of lava 
and scoria. Mt Rouse is one of the youngest of 16 volcanic 
centres in the Hamilton area, and underlying local faults may 
have influenced its location. Dating of lavas by K–Ar and 
40Ar–39Ar has yielded ages within the range of 0.31–0.45 Ma 
(McDougall and Gill 1975; Ollier 1985; Gray and McDou-
gall 2009; Matchan and Phillips 2011), with a suggested 
eruption age of 0.303 Ma (Matchan and Phillips 2011).

The scoria cone complex is ~1.2 km in diameter, rising 
120 m above the surrounding lava plains and consisting of 
at least eight vents (Fig. 2). The cones sit on top of the early 
lava flows of the complex, which extend 60 km to the coast, 
covering an area of >511 km2 (Fig. 3). To the northeast is 
an early eruption centre of coarse spatter bombs and scoria, 
covering a small contemporaneous spatter cone. This was 
in turn covered by the main double scoria cone, which itself 
is composed of two overlapping craters running east–west. 
An additional vent is located at the top of the main cone in 
the form of a spatter rampart and columnar jointed blocks. 
A low scoria cone developed in the south by the interaction 
of three magma batches. The late lava shield was erupted 
from this crater, which also features two small satellite 
cones (Fig. 2).

Methods

Detailed stratigraphic mapping was undertaken across 
the scoria cone complex, with representative samples col-
lected for later analysis along with samples from through-
out the lava field and also the satellite cones (Figs. 2, 3). 
Quarry logs and mapped faces were correlated across 
the scoria cones to determine a sequence of eruption and 
unravel the stratigraphic relationships. Samples were then 
petrographically analysed for signs of alteration/weather-
ing before being selected for geochemical analysis. Sam-
ples were cleaned, crushed using a rock splitter and jaw 
crusher and screened to remove weathered material, before 
being reduced to powder in an agate Tema mill and ana-
lysed for major (XRF) and trace (ICP–MS) elements at 
either Monash University (Australia; traces), James Cook 
University (Australia; majors), Geolabs or Acme (Sudbury, 
Canada). Ferric and ferrous iron were calculated from the 
Fe2O3(TOT) of the raw data, using a Fe2O3/Fe2O3(TOT) 
ratio of 0.15, and results were normalised to 100 % on a 
volatile-free basis. Based upon the results of the analyses, a 
subset of samples were sent for isotopic Sr–Nd–Pb analysis 
at Melbourne University (Australia), where analyses were 
performed on either powders or acid-leached chips and 
Sr, Nd and Pb were extracted using anion exchange and 
EICHROM RE, LN and SR resin chromatography. Isotope 
analysis was performed on a NU Plasma MC–ICPMS fol-
lowing methods by Maas et al. (2005).

The 59 analysed samples comprise 32 scoria samples, 
20 lava samples, one spatter fragment, three crater blocks 
and two samples of coherent intrusions and one of Pele’s 
tears (Fig. 2). Geochemical and isotopic values were used 
to outline the petrogenetic evolution of Mt Rouse, and in 
the determination of a new eruption sequence for the vol-
canic centre.

Results

Whole rock chemical compositions

The eruption products of Mt Rouse define three compo-
sitionally distinct magma batches based on rare earth ele-
ment patterns (REE) (Fig. 4a; Table 1; supplementary data 
table). Patterns are similar to those of the Ocean–Island 
basalts (OIB) range, characteristically depleted in the 
heavy REE (Tb–Lu), suggesting a garnet-bearing mantle 
source origin. Light rare earth elements (LREEs; La–Gd) 
are enriched, showing increasing levels of enrichment in 
magma batches A through C. The REE patterns are simi-
lar to those of other NVP rocks, encompassing virtually the 
entire observed range reported by Price et al. (1997), Vogel 
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Fig. 2  Top Overview of the scoria cone complex of Mt Rouse, look-
ing SE from Acacia Hill at a distance of 6.5 km, showing the main 
double scoria cone to the north and the two satellite cones to the 
southeast, with the southern crater lower than the surrounding plains. 
Bottom NASA ASTER digital elevation model of the scoria cone 
complex of Mt Rouse, showing composite stratigraphic log of the 

southern cone and inferred log for the northern cone, with sample 
numbers in italics. Southern cone samples are placed where removed, 
northern cone samples are approximately placed due to the samples 
being removed from active quarries where faces were mapped. All 
log samples were erupted after the main lava field. NASA ASTER 
GDEM is a product of METI and NASA



151

Chapter 5

Contrib Mineral Petrol  (2015) 169:11  

1 3

Page 5 of 21  11 

and Keays (1997), McBride et al. (2001) and Demidjuk 
et al. (2007) (Fig. 4a).

On the basis of total alkalis versus silica (TAS) rela-
tionships, there is some overlap in composition between 
the three magma batches, which have typical NVP com-
positions (Fig. 4b). Batch A is composed of alkali basalts 
to subalkali basalts, constituting the 60 km of lava flows, 
interbedded lava in the southern cone, Pele’s tears in an 
intermingled surge deposit directly below the interbedded 
lava, and the final eruption products in the southern crater 
(Figs. 2, 3, 4b). Batch B ranges from alkali basalt to tra-
chybasalt (and may be further subdivided into hawaiites on 
the basis of Na2O – 2.0 ≥ K2O). These products outcrop 
as the upper portion of scoria layers in the southern cone, 
including those of the surge deposit, and the two satellite 
cones, which have the lowest SiO2 and highest total alka-
lis (Na2O + K2O) of the batch (Fig. 2, 4b). Batch C has 
similar compositions to batch B, again ranging from alkali 
basalts to trachybasalts to basanites, forming the early 

eruption centre, northern cone and the lower scoria layers 
of the southern cone (Figs. 2, 4b).

Following the method of Price et al. (1997), rocks were 
classified using CIPW norms (see supplementary data) as 
alkaline (0–5 % normative nepheline), transitional (<10 % 
normative hypersthene ± normative quartz) or tholeiitic 
(normative hypersthene ± normative quartz >10 %). Plot-
ting the proportions of olivine, diopside and nepheline or 
hypersthene in the basalt tetrahedron of Thompson (1984), 
the products of Mt Rouse are classified as nepheline-nor-
mative alkali–olivine basalts and basanites, hypersthene-
normative olivine basalts and olivine tholeiites (Fig. 4c). 
The lavas (batch A) are slightly silica-undersaturated 
alkali–olivine basalts and silica–saturated olivine tholeiites 
(lava shield and some random flow samples). The pyro-
clastics (batches B and C) are mainly silica-undersaturated 
basanites, with few alkali–olivine basalts.

The three magma batches are also clearly apparent when 
plotting major and trace elements as a function of MgO 

Fig. 3  Lava flows of Mt Rouse, 
showing locations of geochemi-
cally analysed samples
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(Fig. 5). Batches A and C have similar ranges of MgO con-
tent (10.3–7.4 and 10.7–6.8 wt%, respectively). Although 
batch C contains two outliers, these are in fact the least dif-
ferentiated samples, representing an intrusion into the lower 
levels of the early eruptive products (10.7 wt%) and jointed 
basalt at the top of the northern cone (9.3 wt%)—these 
both stratigraphically belong to magma batch C. Batch B 
has a narrower range of MgO content (9.1–8.6 wt%). The 
satellite cones belong to this magma batch in terms of trace 
element values and petrography; however, they are more 
differentiated.

Batch A (lava flows) exhibits a narrow range of major 
element concentrations with the exception of MgO. The 
data in this study correlate well with data published by 
Elias (1973), Whitehead (1991) and Sutalo (1996) (Fig. 5). 
Batches B and C show slight decreases of MgO and CaO 
with increasing TiO2, P2O5 and Th (Fig. 5).

The trace elements define the magma batches more 
clearly, with increased concentrations of high-field-strength 
elements (HFSEs), REE and large-ion-lithophile elements 
(LILEs) in each batch from A through C. This indicates 
progressively lower degrees of source partial melting as 
low degree partial melts contain higher concentrations of 
incompatible elements.

Petrography

The lavas (which all belong to magma batch A) are fine 
grained in hand specimen, with a glomeroporphyritic 
texture composed of glomerocrysts (<20 %) of olivine 
and clinopyroxene and rare plagioclase phenocrysts in a 
groundmass of slightly smaller plagioclase laths, granular 
to prismatic clinopyroxene and minor magnetite and ilmen-
ite (Table 2; Fig. 6). Most analysed samples are vesicular. 
Iddingsite alteration of olivine is common throughout the 

lava flows. The composition of groundmass plagioclase—
estimated using the Michel–Levy technique—ranges from 
An60–16 (labradorite–oligoclase). 

Batches B and C (scorias) are aphanitic and petro-
graphically indistinguishable from one another. Samples 
are highly vesicular and consist of phenocrysts (<10 %) 
of generally euhedral, olivines and clinopyroxenes 
(Table 2; Fig. 6) contained in a hypocrystalline ground-
mass composed of variably oxidised glass, and much 
finer-grained plagioclase microlites and minor opaques. 
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Table 1  Representative major and trace element data for the products of Mt Rouse

Sample MRV13d MRV16 MRV24a R4G R4AJ R4AH LK-L1-8 LK MAP1 1 LK-L4-1

Batch A A A B B B C C C

Lab Acme Acme Acme Acme Acme Acme Geolabs Geolabs Geolabs

SiO2 48.52 48.36 48.23 47.41 47.89 47.41 46.76 47.38 46.02

TiO2 2.14 1.95 1.93 2.33 2.33 2.33 2.69 2.86 2.84

Al2O3 13.73 13.48 13.77 14.05 13.95 13.87 14.5 15.06 14.27

Fe2O3 12.04 12.15 11.85 12.29 12.11 12.34 12.94 12.69 12.33

MnO 0.15 0.16 0.16 0.16 0.16 0.16 0.169 0.165 0.16

MgO 9.28 10.15 9.9 8.89 8.78 8.81 7.29 7.61 7.46

CaO 8.84 8.74 8.92 8.4 8.16 8.2 7.912 7.745 7.558

Na2O 3.24 3.22 3.18 3.79 3.68 3.57 3.99 3.63 4

K2O 1.07 1.03 0.98 1.54 1.48 1.52 1.96 1.93 2

P2O5 0.41 0.38 0.36 0.62 0.6 0.64 0.883 0.958 0.937

Cr2O3 0.04 0.049 0.05 0.033 0.036 0.034

SO3

L.O.I. 0.20 0.00 0.30 0.10 0.40 0.70 0.82 0.56 1.36

TOT 99.64 99.67 99.63 99.61 99.58 99.58 99.92 100.58 98.93

TOT (LOI free) 99.44 99.67 99.33 99.51 99.18 98.88 99.10 100.02 97.57

Mg-number 64.23 66.06 66.06 62.76 62.81 62.45 56.75 58.28 58.50

V 184 168 169 173 169 169 164 143 146

Co 52 56 52 49 49 48 53 52 51

Ni 207 230 205 149 161 152 172 176 159

Cu 45 50 62 30 45 46 25 7 29

Zn 83 83 83 83 118 118 136 148 142

Ga 18.6 18.9 18 21.5 19.5 19.4 24.3 26.2 25.6

Rb 18.2 18.1 16.3 31.9 29.1 29.6 43.9 40.5 28.5

Sr 503 490 489 728 708 725 940 1068 1064

Y 20.1 17.8 17.4 22.5 24.2 25.4 27.8 27 26.7

Zr 138 124 120 228 244 252 356 393 393

Nb 27 25 24 45 49 50 72 83 82

Mo 0.8 0.8 1 1.5 3 3.1 3.9 3 3.5

Cs 0.2 0.2 0.3 0.5 0.44 0.45 0.6 0.62 0.71

Ba 294 263 255 346 336 336 526 601 604

La 18.8 17.3 16.4 33.8 38.5 39.5 57.6 64.2 62.5

Ce 38 36 35 70 73 74 111 123 119

Pr 4.9 4.5 4.2 8.3 8.5 8.7 13.3 14.6 14.1

Nd 21 19.3 17.6 33 33 34 53 57 55

Sm 4.7 4.2 4.2 6.8 7.6 7.7 10.8 11.6 11

Eu 1.7 1.6 1.5 2.3 2.4 2.4 3.5 3.6 3.5

Gd 5 4.6 4.3 6.4 6.8 6.9 9 9.6 9.3

Tb 0.77 0.7 0.67 0.93 1 1 1.2 1.3 1.2

Dy 3.9 3.7 3.6 4.8 5.2 5.3 6.5 6.4 6.3

Ho 0.73 0.67 0.64 0.87 0.97 0.99 1 1.1 1

Er 1.8 1.7 1.7 1.9 2.2 2.3 2.6 2.4 2.4

Tm 0.24 0.21 0.20 0.26 0.27 0.27 0.31 0.29 0.28

Yb 1.4 1.3 1.4 1.5 1.6 1.6 1.7 1.5 1.5

Lu 0.21 0.19 0.17 0.22 0.22 0.22 0.23 0.2 0.19

Hf 3.3 3.3 3.1 5.6 5.5 5.5 7.6 8.5 8.3

Ta 1.6 1.5 1.4 2.9 2.9 3 4.5 5.3 5.1
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The earlier-erupted samples of batch C contain common 
embayed and skeletal olivine phenocrysts, indicating dis-
equilibrium and rapid cooling; and opaques are highly 
abundant in the groundmass. Later-erupted samples have 
rare opaques, and only the larger phenocrysts are embayed 
(batch B also shows some embayment of larger phe-
nocrysts). Plagioclase compositions are distinct, generally 
having higher anorthite content in batch B (An67–18; lab-
radorite–oligoclase) in comparison with batch C (An38–28; 
oligoclase–andesine).

It is difficult to compare these highly vesicular mag-
mas (batches B and C) with the less vesicular and more 
coarsely crystalline magma (batch A). However, one differ-
ence appears to be in terms of olivine and clinopyroxene 
phenocrysts; in batches B and C, they are <400 µm, while 
many of those in batch A are >500 µm. The visual differ-
ences between the magma batches indicate that there is not 
a simple genetic relationship between them. This is high-
lighted by the fact that batches B and C are very similar 
petrographically yet differ markedly in terms of their trace 
element concentrations.

Sr–Nd–Pb isotopes

Isotope analysis of Sr–Nd–Pb was used to characterise 
a subset of samples for the three magma batches of Mt 
Rouse. Twelve samples were selected based on the most 
primitive of each magma batch, and the freshest, with 
four samples from each batch (Table 3). Uncertainties are 
±0.000020 for 143Nd/144Nd, ±0.000040 for 87Sr/86Sr and 
±0.025–0.05 (2sd) for Pb isotopes.

Two clear groupings can be seen from the data. Batch 
A, which constitutes the lava flows, and batches B and C, 
which form the scoria cones (Fig. 7). The 87Sr/86Sr values 
range from 0.70376–0.70388 for batch A and 0.70390–
0.70395 for batches B and C. These values fall within the 
range of literature values for the NVP (0.7035–0.7056; 
Cooper and Green 1969; Dasch and Green 1975; Stuck-
less and Irving 1976; McDonough et al. 1985; Whitehead 
1986; Ewart et al. 1988; Price et al. 1997; McBride et al. 
2001; Foden et al. 2002; Demidjuk et al. 2007; van Otter-
loo et al. 2014). Mt Rouse lies to the west of the Mortlake 
Discontinuity of Price et al. (1997); 87Sr/86Sr ratios peak at 

0.7046 in the west of the NVP (based on all published data) 
and are higher in the east, and Mt Rouse falls isotopically 
below the former value.

Sr-isotopic data for magma batch A may be augmented 
using results from Whitehead (1986) and Price et al. (1997), 
who analysed 21 samples of basalt within a 10 km radius of 
Mt Rouse (Table 4). All samples belong to magma batch 
A of this study and range from 87Sr/86Sr 0.70371–0.70446, 
which encompasses the entire range of Sr-isotopic values 
from all three magma batches reported in this study. This 
wide range in isotope ratios is not due to weathering effects 
as only fresh samples were used for these studies (Price 
et al. 1997; Price 2013, personal communication), and both 
Whitehead and Price sets of samples were analysed at La 
Trobe University. This indicates that the sources for the two 
suites of this study were isotopically quite similar in com-
position, and that either Sr-isotope analysis cannot detect 
the subtle variations between them, or the source regions 
were the same.

The 143Nd/144Nd ratios show similar close groupings, 
with Batch A ranging from 0.51286–0.51288, and batches 
B and C 0.51283–0.51285. The εNd ranges from 4.3 to 
4.6 in batch A, and 3.8–4.0 in batches B and C. The sco-
riaceous material has slightly lower Nd-isotope values, and 
both suites plot within the data field of the NVP (Fig. 7).

The Pb-isotope compositions show a greater distinction 
between the two suites, with a larger compositional gap, 
for example, 206Pb/204Pb ranges between 18.50014 and 
18.51146 in batch A and is distinctly higher in batches B 
and C at 18.58443–18.60743 (Table 3; Fig. 7).

Isotopic compositions therefore indicate that the lavas 
and scorias of Mt Rouse were sourced from two different, 
yet similar regions of the mantle. Both suites indicate an 
enriched mantle source, with batch A being more depleted.

Discussion

The detailed stratigraphic and geochemical analysis of the 
volcanic products of Mt Rouse has shown that three magma 
batches were involved in the production of the volcanic cen-
tre. This is in stark contrast to most other monogenetic erup-
tive centres occurring in intraplate settings, which are thought 

Table 1  continued

Sample MRV13d MRV16 MRV24a R4G R4AJ R4AH LK-L1-8 LK MAP1 1 LK-L4-1

Batch A A A B B B C C C

Lab Acme Acme Acme Acme Acme Acme Geolabs Geolabs Geolabs

Pb 1.2 1 1 1.2 3.1 3 3 3.6 4.6

Th 2.7 2.6 2.6 4.9 4.6 4.6 6.6 7.7 7.5

U 0.6 0.6 0.6 1.4 1.2 1.2 1.7 2 2
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to be simple in nature and formed from single magma batches 
(e.g. Walker 2000). Recent research into single eruption cen-
tres in worldwide intraplate volcanic provinces indicates that 
some monogenetic centres are actually complex in nature 
(e.g. Brenna et al. 2011). Mt Rouse is the only known mono-
genetic volcanic complex that appears to have formed from 
three distinctly different magma batches that were emplaced 
both sequentially and then simultaneously. The nature of the 
stratigraphy points to a complex system of propagating dykes, 
at least at upper crustal levels, beneath the Mt Rouse com-
plex. Eruptions took place over four stages and multiple sub-
stages over at least eight vents. This resulted in the sequential 
eruption of magma batches A, C and B then simultaneous 
eruption of batches A and B (Fig. 2).

Mt Rouse shows similarities to two other volcanic cen-
tres in the NVP—Mt Gambier and the Red Rock Volcanic 
Complex. The Mt Gambier maar–cone volcanic complex is 
the product of two magma batches (basanites and trachy-
basalts), which were erupted simultaneously over 13 stages 
to produce >14 vents aligned parallel to the Tartwaup Fault 
System (van Otterloo and Cas 2011; van Otterloo 2012; 
van Otterloo et al. 2013). The Red Rock maar–cone vol-
canic complex is also composed of multiple vents with two 
simultaneously erupting magma batches (Piganis 2011).

In order to fully understand the genesis of the mul-
tiple magma batches of Mt Rouse, the effects of any 

fractionation and crustal contamination will be discussed, 
and the depth of magma generation will be estimated in 
order to ascertain the origin of the three magma batches.

Fractionation

 The trace elements Nd (incompatible) and Sr were used to 
model shallow level fractional crystallisation using starting 
compositions of the most primitive sample in each magma 
batch, this being the sample with the lowest incompatible 
trace element content and the highest Mg-number. The 
Rayleigh fractionation equation assumes that when crystals 
form, they are immediately removed from the melt, and is 
expressed by:

where CL is the concentration of the trace element at a 
given percentage of fractionation, C0 is the starting con-
centration of the trace element, and F is the weight fraction 
of melt remaining (e.g. 0.9 for 10 % fractional crystallisa-
tion). D is the mineral/melt partition coefficient (Kd) for 
each element. Kd values were taken from the EarthRef.org 
GERM Partition Coefficient (Kd) database, where values 
for alkali basalts were used for magma batch A (Table 5; 
Schnetzler and Philpots 1970; Villemant et al. 1981; Fuji-
maki and Tatsumoto 1984) and basanite for magma batches 

CL = C0F
(D−1)

Table 2  Petrographic descriptions of the products of Mt Rouse

Batch A is lavas; B and C are scorias

Groundmass Mineral Phenocrysts

Size (mm) Comments

Batch A

Plagioclase laths (An60–16 labradorite–oligoclase) with minor olivine and pyroxene Olivine 0.65 Glomerocrysts common

Magnetite as aggregated clusters (0.5 mm), laths (0.75 mm) and grains (<3 µm) Clinopyroxene 0.85

Plagioclase 1.5 Very rare

Other information

Green pyroxene rims in half of samples; many samples are iddingsitised

Batch B

Glass dominant (variably oxidised), with plagioclase microlites and few laths 
(An67–18 labradorite–oligoclase)

Olivine 0.4 Rare glomerocrysts

Magnetite in groundmass, usually <0.01 mm globules; variable in abundance 
from rare to disseminated throughout

Clinopyroxene 0.4

Other information

Coherent samples (final products of satellite cones) are iddingsitised, and feature a large amount of oxides in the groundmass and larger  
phenocrysts up to 0.6 mm. Rare large phenocrysts of embayed olivines and pyroxenes up to 0.6 mm

Batch C

Variably oxidised glass, plagioclase microlites (An38–28 andesine–oligoclase) Olivine 0.3 Euhedral, commonly embayed, 
rare glomerocrysts

Magnetite, generally <0.01 mm globules; varies from highly abundant in early 
erupted samples to rare in later-erupted samples

Clinopyroxene 0.25 Commonly embayed

Other information

Many samples heavily oxidised. Rare phenocrysts up to 0.5 mm. Rare disaggregated mantle xenoliths with jagged edges, up to 0.7 mm
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Fig. 6  Typical photomicrographs of the products of Mt Rouse. a 
Magma batch A lavas, showing glomerocrysts of olivine and clinopy-
roxene in a groundmass dominated by plagioclase laths; b, c Scorias 
of magma batches B and C showing a glassy microlitic groundmass 

with olivine and pyroxene phenocrysts; d Dyke composed of magma 
batch C, showing a microlite-rich groundmass and microphenocrysts 
of olivine and pyroxene

Table 3  Sr–Nd–Pb 
compositions of the products of 
Mt Rouse

Batch 87Sr/86Sr 143Nd/144Nd εNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

SC A 0.703768 0.51288 4.6 18.511 15.559 38.514

MRV7 A 0.703865 0.51286 4.4 18.502 15.550 38.482

MRV16 A 0.703881 0.51286 4.3 18.507 15.562 38.540

MRV24 A 0.703865 0.51286 4.3 18.500 15.558 38.523

R4C B 0.703934 0.51283 3.8 18.584 15.565 38.588

R4AH B 0.703952 0.51284 3.9 18.602 15.572 38.618

R4AJ B 0.703948 0.51284 3.8 18.607 15.572 38.622

R4AP B 0.703905 0.51284 3.9 18.597 15.566 38.600

LK-INT C 0.703902 0.51284 4.0 18.592 15.567 38.603

NCONE C 0.703918 0.51285 4.0 18.591 15.565 38.597

LK-L2-2 C 0.703958 0.51284 3.9 18.594 15.567 38.605

LB2 C 0.703939 0.51284 3.9 18.595 15.564 38.599
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B and C (Adam and Green 2006). Plagioclase feldspar, 
clinopyroxene and olivine were modelled for batch A, but 
plagioclase was omitted for batches B and C as phenocrysts 
are not found in thin section.

The fractionating phases differ slightly for each of the 
Mt Rouse magma batches. The position of the samples on 
a mineral vector diagram (Fig. 8a) indicates that the range 
of batch A compositions (lava flows) is the product of up 
to ~30 % olivine and clinopyroxene fractionation, accom-
panied by minor plagioclase. This is consistent with the 
petrography, in which only rare plagioclase phenocrysts up 
to 1.5 mm were observed; in addition, as no Eu anomalies 
are present on the REE spider plots, plagioclase clearly was 
not a major fractionating phase in these basalts. The batch 
B range is the result of up to ~18 % olivine and 20 % clino-
pyroxene; and batch C up to 20 % olivine and 22 % clino-
pyroxene fractionation (Fig. 8a).

The amount of fractional crystallisation required to pro-
duce one magma batch from another was assessed by rear-
ranging the mass balance equation to calculate the extent of 
crystallisation (1 − F), assuming that elements are totally 
incompatible (D = 0)

where F is the fraction of melt remaining, C0 the initial 
concentration of the trace element in question and CL the 
concentration in the residual liquid. Using average val-
ues of the incompatible trace elements Th, Nd and Zr, the 
results indicate that magma batch A cannot be derived 
from batches B or C (Table 6). In order to be the parental 
magma for batches B or C, magma batch A would require 
45–65 % fractional crystallisation, which would result 
in magmas with much lower MgO content. Batch B can-
not be produced from batch C, and in order for batch C to 
produce batch B, 30–35 % fractional crystallisation would 

1 − F = C0/CL
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Fig. 7  a 143Nd/144Nd versus 87Sr/86Sr isotopic compositions of the 
products of Mt Rouse (main figure and inset; this study), compared 
with published data from the Newer Volcanics Province (McDon-
ough et al. 1985; McBride et al. 2001; Foden et al. 2002; Demidjuk 
et al. 2007; van Otterloo et al. 2014). Mantle array, bulk silicate Earth 

(BSE) depleted mantle (DM) and enriched mantle (EMI and EMII) 
from Zindler and Hart (1986). b 87Sr/86Sr versus 206Pb/204Pb isotopic 
composition for Mt Rouse, showing two clear groupings for batch A, 
and batches B and C. Symbols refer to magma batch: Batch A blue 
diamonds; batch B red triangles and batch C green squares

Table 4  Sr–Nd–Pb compositions of the products of Mt Rouse from 
previous studies

a Whitehead (1986)
b Price et al. (1997)

Batch 87Sr/86Sr

F1-308b A 0.70388

F1-311b A 0.70396

F1-309b A 0.70382

F1-304a A 0.70375

HO-203a A 0.70407

HO-204a A 0.70411

HO-205a A 0.70411

HO-206a A 0.70416

HO-207a A 0.70411

HO-208a A 0.70405

HO-211a A 0.70381

F1-305a A 0.70371

HO-212a A 0.70395

HO-213a A 0.70383

HO-214a A 0.70383

HO-215a A 0.70396

F1-306a A 0.70392

HO-216a A 0.70377

HO-225a A 0.70446
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be required, which would result in clear petrographic 
differences.

The compositions of olivines were estimated using 
Pearce element ratios using the methods described by Rus-
sell and Nicholls (1988). For the Mt Rouse samples, we 
have used Ti as the conserved element in the ratios. When 
plotted on a scattergram of molar Mg/Ti versus molar Fe/
Ti, the bulk of the Mt Rouse samples lie along an olivine 
control line for a Fo number of 88 (Fig. 8b). A few of the 
samples in magma batches A and C lie along the Fo = 80 
control line; these samples have lower Mg-number’s than 
other samples in these magma batches indicating that they 
were formed from more evolved magmas. The fact that 
the bulk of the samples lie along the Fo = 88 control line 
indicates that all three magma batches comprised relatively 
primitive magmas that had undergone limited fractionation.

Contamination

The higher Pb-isotope ratios of magma batches B and C 
may be indicative of crustal contamination; however, there 
is no geochemical evidence for contamination from the 
trace elements, as all samples plot within the mantle array 
on variation diagrams of Pearce (2008). For example, on a 
Th/Yb versus Nb/Yb plot, Th/Yb ratios increase with Nb/
Yb ratios (Fig. 9a). However, crustal contamination results 
in an increase in Th/Yb ratios but a decrease in Nb/Th 
ratios and contaminated products plot above the MORB–
OIB array (Pearce 2008).

This is confirmed by the ratios of other highly incompat-
ible trace elements such as La/Nb, Ba/Nb, Rb/Nb, Th/Nb, 
Th/La and Nb/U. All of the Mt Rouse samples have ratios 
that are much more similar to primordial mantle values 
than continental crust values (Table 7). These ratios do not 
undergo significant fractionation and therefore retain simi-
lar levels to that of the mantle source (Hofmann et al. 1986; 
Weaver 1991).

Degree of partial melting and depth of origin

The relative degree of mantle partial melting involved in the 
origin of primary magmas can be estimated by the ratio of 
Th/Yb, which decreases with increased percentages of par-
tial melting (Fig. 9b; Pearce 2008; Pietruszka et al. 2009). 
The low Th/Yb of batch A (lavas) suggests higher degrees 
of partial melting of a source similar to those for OIB and 
batches B and C (pyroclastics) appear to have been pro-
duced by progressively lower degrees of partial melting. 
This observation is also reflected in the LREE content of 
the magma batches, as incompatible element concentrations 
decrease with increasing degrees of partial melting (Fig. 4a).

The depth of generation of the magma batches can be 
assessed using the ratio Gd/Yb, which increases with 

Table 5  Kd values of Sr and Nd in plagioclase feldspar, clinopyrox-
ene and olivine used to model shallow level fractional crystallisation

a Schnetzler and Philpots (1970)
b Villemant et al. (1981)
c Fujimaki and Tatsumoto (1984)
d Adam and Green (2006)

Alkali basalt Basanite

Sr Nd Sr Nd

Plg 2.7b 0.069a – –

Cpx 0.16b 0.1224c 0.104d 0.001d

Ol 0.02b 0.0023c 0.13d 0.0005d
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Fig. 8  a Vector diagram of Nd versus Sr, with calculated fractional 
crystallisation vectors of olivine (ol), clinopyroxene (cpx) and plagio-
clase feldspar (pl) based on the most primitive sample of each magma 
batch. b Plot of molar amounts of Mg/Ti versus Fe/Ti showing that 
most Mt Rouse samples lie along an olivine control line of Fo88
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increasing depth of melt generation within lherzolite man-
tle (Song et al. 2009). At depths beyond those at which 
Cr-spinel is the aluminous phase in the mantle, HREE are 
retained in residual garnet during partial melting (Irving 
and Frey 1987). Gd and Yb are highly incompatible ele-
ments and neither have an affinity for olivine or clinopy-
roxene during fractional crystallisation. Shown against 
the ratio La/Lu (the degree of REE fractionation), it can 
be seen that the products of Mt Rouse were sourced from 
progressively lower degrees of partial melting and increas-
ing depths (Fig. 9b). The diagrams also indicate that there 
are significant differences in the petrogenetic indicator ele-
ments between the three batches, meaning that the differ-
ences in composition between them are not due to differ-
ences in the proportions of minerals.

Source melting was estimated using REE elements rela-
tive to values for primitive mantle (PM) (according to the 
method of Song et al. 2009 and references therein). This 
indicates that the magmas were derived by 5 % partial 
melting of garnet lherzolite for magma batch A, falling to 
2 % for batch C. If the mantle sources were enriched in 
incompatible elements to levels above those of PM, the 
degrees of source melting may have been slightly higher.

In order to estimate temperature and pressure of magma 
origin, primary magma compositions must have a mini-
mum Mg-number of 70 to represent unmodified mantle 
melts. Since the Mg-numbers of the volcanic products of 
Mt Rouse are all less than 70 and range from 58.5–66.6 
(batch A), 57.8–62.8 (batch B) to 54.4–66.8 (batch C), esti-
mates of primary magma composition were calculated by 
extrapolating element abundances to a primary magma Mg-
number of 70 using linear regression lines following the 
methods of Smith et al. (2008). Results were normalised to 
100 % (Table 8) and used to calculate pressures and depths 
of magma generation.

The pressure during melt generation can be estimated 
using the equation formulated by Wood (2004). This 
equation is an expression of the compositional depend-
ency between pressure and total alkali content of anhy-
drous melt in equilibrium with olivine, orthopyroxene and 
clinopyroxene.

where MgO is that of the melt in wt%, and Alk represents 
total alkalis (Na2O + K2O). The uncertainty in the pres-
sure estimate is ±0.33 GPa (Wood 2004). A similar equa-
tion also developed by Wood (2004) expresses the relation-
ship between temperature and total alkali content, with an 
uncertainty of ±30 °C.

From these equations, batch A was estimated to have 
formed at a pressure of 1.7 ± 0.33 GPa and a temperature 
of 1,335 ± 30 °C; batch B at a pressure of 1.88 ± 0.33 GPa 
and a temperature of 1,351 ± 30 °C; and batch C a pressure 
of 1.94 ± 0.33 GPa and a temperature of 1,360 ± 30 °C 
(Fig. 10). These values equate to depths of 55.5, 61 and 
63 km, respectively, meaning that the parental magmas of 
all three magma batches are likely to have originated from 
very similar depth ranges. These depths complement the 
isotopic data, which suggest a similar source region for all 
samples, but with parental magmas of batch A forming one 
series and those of batches B and C a second as discussed 
above. The equations of Lee et al. (2009) were not used 
in this study, as they overestimate the melting pressures 
of alkali basalts, not being calibrated for these composi-
tions. When plotted onto the southeast Australia geotherm, 
the pressures correspond to depths near the spinel–garnet 
transition zone at ~1.6 GPa (55 km; O’Reilly and Griffin 
1985). The rare spinel–lherzolite xenoliths in batches A and 
C were entrained on their way to the surface. The depth to 
the lithosphere–asthenosphere boundary (LAB) in south-
east Australia has been estimated at ~61 ± 11 km (Ford 
et al. 2010); this would suggest a shallow asthenospheric 
source for the magma batches B and C and lower litho-
sphere for magma batch A.

The equations of Wood (2004) are for anhydrous sys-
tems, resulting in modelled magmas plotting on the dry 
peridotite solidus of Hirschmann (2000). The addition 
of water reduces the mantle solidus and lowers the tem-
perature of magma generation (Burnham 1979; Katz et al. 
2003). When compared to the hydrous pseudo-phase dia-
gram of Katz et al. (2003), which shows the calculated 
solidi for differing bulk water content, in order to reach 
the geotherm and generate melt the source of the mag-
mas of Mt Rouse must have contained between 0.075 
and 0.085 wt% water, corresponding to temperatures of 
~1,080 °C for magma batch A and between 1,115 and 

P(GPa) = (MgO − 11.14 + 1.262Alk)/(2.765 + 0.0945Alk)

T(◦C) = 1, 230 − 23.75Alk + (98 + 5.6Alk)P

Table 6  Average values of incompatible elements Th, Nd and Zr in 
the magma batches of Mt Rouse (A, B, C) and the percentage of frac-
tional crystallisation required to derive one from another

Th Nd Zr

A 2.58 21.66 147.85

B 4.99 36.72 259.48

C 6.9 53.54 367

% Fractional crystallisation

A from B −0.93 −0.70 −0.76

A from C −1.67 −1.47 −1.48

B from A 0.48 0.41 0.43

B from C −0.38 −0.46 −0.41

C from B 0.28 0.31 0.29

C from A 0.63 0.60 0.60
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1,130 °C for batches B and C (Fig. 10). With 2–5 % partial 
melting, this indicates water contents of ~2–4 wt% in the 
primary magmas.

Similar calculations were performed by van Otterloo 
et al. (2014) for the Mt Gambier maar–cone volcanic com-
plex, which lies 135 km directly west of Mt Rouse. The 
two magma batches involved in the eruption were calcu-
lated to have been sourced from depths and temperatures 
of 1.79 ± 0.33 GPa and 1,332 ± 30 °C (trachybasalts); and 
2.2 ± 0.33 GPa and 1,382 ± 30 °C (basanites; Fig. 10); 
the water contents of the magma sources were estimated 
at 0.05–0.1 wt% (van Otterloo et al. 2014). These tempera-
tures and pressures are similar to those found for Mt Rouse 
and therefore probably other volcanoes in the NVP of simi-
lar geochemical character.

Gazel et al. (2012) use Ba/La ratios in the monogenetic 
Big Pine Volcanic Field, California, to show that deeper-
derived magmas have lower Ba/La ratios (~20) than mag-
mas derived at shallower depths, which had Ba/La ratios 
of 25–30. This is also the case for Mt Rouse, where the 
shallower batch A rocks have an average Ba/La = ~15 and 
the rocks of the deeper batches B and C have average Ba/
La = ~9.4.

The link between eruptive style and melt composition

From a physical volcanology perspective, there is a clear 
link between eruption style and magma batch at Mt Rouse 
(Table 9). Summarised here, the link will be fully explored 
in more detail in a future publication on the stratigraphic 
architecture of the complex. Magma batch A (alkali basalts) 
exclusively erupted effusive Hawaiian-style lava flows. In 
contrast, magma batches B and C erupted explosive violent 
Strombolian to micro-Plinian deposits, with batch C also 
featuring Strombolian deposits during its initial eruptions.

It has been implied that in the lithospheric man-
tle beneath western Victoria metasomatism increases 
with depth (Frey et al. 1978; McDonough et al. 1985; 
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Table 7  Incompatible element ratios for the primordial mantle and 
continental crust (values from Weaver 1991 with the exception of 
Nb/U of Hofmann et al. 1986) compared with the range of values for 

Mt Rouse volcanic products (this study), showing mantle values for 
the volcano and no crustal contamination

La/Nb Ba/Nb Rb/Nb Th/Nb Th/La Nb/U

Primordial mantle 0.94 9 0.91 0.11 0.13 30

Continental crust 2.2 54 4.7 0.44 0.2 10

Magma batch A 0.62–0.88 8.8–12.8 0.57–0.85 0.08–0.11 0.11–0.16 36.9–153

Magma batch B 0.7–0.81 6.8–7.7 0.38–0.71 0.09–0.11 0.11–0.14 32.2–48.3

Magma batch C 0.69–0.85 6.5–8.7 0.26–0.65 0.08–0.1 0.11–0.12 38.4–51.4
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McDonough and McCulloch 1987; Boyce et al. 2014). This 
may explain why the deeper-sourced magma batches con-
tain higher proportions of trace elements and volatiles and 
erupt explosively. The mantle underlying western Victoria 
has undergone at least three metasomatic events (O’Reilly 
and Griffin 1988; Griffin et al. 1988). This has resulted in 
the enrichment of incompatible trace elements and vola-
tiles during modal metasomatism. A metasomatic event 
between 500 and 300 Ma produced high 87Sr/86Sr gar-
net pyroxenites, a second metasomatic event at 60 Ma to 
present produced wehrlitic pyroxenites, and a third recent 
local metasomatic event resulted in overprinting by both 
silicate melts and carbonatitic fluids (Yaxley et al. 1991, 
1996; Powell et al. 2004; O’Reilly and Griffin 2013). Two 
series of basalts were distinguished in the NVP—the plains 
basalts and the cones basalts— which are geochemically 
and isotopically distinct (Price et al. 1988; McDonough 
et al. 1985; Vogel and Keays 1997). The cones basalts were 
considered younger and formed the smaller scoria cones, 
maars and tuff rings of the NVP (Price et al. 1988). The 
products of Mt Rouse fit into both groupings with magma 
batch A (lava flows) representing the plains basalts and 
batches B and C the cones series. This indicates that age 
is not a factor in the eruption of the magmas, as all three 
magma batches erupted during a single series of events at 
Mt Rouse. McBride et al. (2001) argue that the two series 
reflect different source magmas—these authors suggest that 
the cones group ascended more rapidly and did not undergo 
significant interaction with the crust. Decreasing degrees of 
partial melting of a LREE-enriched garnet-bearing source 
region affected by metasomatism was suggested by Frey 
et al. (1978), McDonough et al. (1985) and McDonough 
and McCulloch (1987) to explain the two series—a view 
supported by this study.

Structural influences during the eruption of Mt Rouse

The Hamilton area features two major faults and many local 
faults of unknown character. The Escondida and Yarra-
myljup Faults both lie west of Mt Rouse and are interpreted 
as converging north of the Grampians (Fig. 1; Cayley et al. 
2011). The Escondida Fault could not have influenced the 
eruption of Mt Rouse, as it is easterly dipping (Gray et al. 
2003). The Yarramyljup Fault has recently been reinterpreted 
as deep and moderately westerly dipping, lying just east of 
Mt Rouse, extending north to Dunkeld (Cayley 2014, per-
sonal communication). It is therefore possible that faulting 
has played a part in the location of Mt Rouse, as vents are 
aligned approximately north–south at the complex (although 
vents of the northern cone are aligned E–W), parallel to the 
new location of the deep Yarramyljup Fault, which may have 
acted as a preferred pathway for magma ascent.

Table 8  Primary magma composition of the three magma batches of 
Mt Rouse

Batch A B C

SiO2 49.77 51.01 47.22

TiO2 1.95 1.52 2.15

Al2O3 13.01 12.54 13.70

Fe2O3 1.72 1.65 1.85

FeO 8.76 8.44 9.37

MnO 0.15 0.16 0.16

MgO 11.10 11.16 11.48

CaO 8.87 8.50 8.97

Na2O 3.31 2.50 3.08

K2O 1.00 2.28 1.56

P2O5 0.37 0.23 0.47

Total 100 100 100
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The origin of the magma batches of Mt Rouse

The magmas of Mt Rouse were a series of fractional melts 
derived from a garnet-stable source region near the LAB, 
and entrained xenoliths of spinel lherzolite on their way to 
the surface. The presence of even small amounts of xeno-
lithic material indicates a fairly rapid ascent rate for the 
magmas in order to keep the xenoliths entrained in the melt 
(e.g. Rutherford and Gardner 2000).

Geochemical analyses indicate that magma batch A was 
produced from a slightly shallower source than batches B 
or C, which were derived from a similar, slightly deeper 
source region by smaller degrees of partial melting. The 
mantle beneath western Victoria is thought to be heteroge-
neous on scales from centimetres to around 1 km (McDon-
ough and McCulloch 1987; O’Reilly and Griffin 1988; 
O’Reilly and Griffin 1988). The degree of metasomatism 
increases with depth (Frey et al. 1978; McDonough et al. 
1985; McDonough and McCulloch 1987; Boyce et al. 
2014; as outlined above); further, studies of xenoliths 
imply that the upper subcontinental lithospheric mantle is 
depleted, but increases in fertility with depth (O’Reilly and 
Griffin 2006). The variability in trace elements and iso-
topes between the Mt Rouse magma batches is consistent 
with the interpretation that they were derived from a het-
erogeneous source region affected by increasing degrees of 
metasomatism with depth.

Partial melting beneath Mt Rouse occurred across the 
LAB, which lies at ~61 ± 11 km (Ford et al. 2010). Magma 
batch A was derived from the base of the lithosphere and 
batches B and C from the shallow asthenosphere, which 
indicates that the LAB is an important boundary with respect 
to NVP volcanism (Boyce et al. 2014). Ford et al. (2010) 
ascribe a decline in seismic activity at the LAB to both the 
presence of partial melt and increased amounts of volatile 
phases. Partial melting at the LAB of metasomatised mantle 
has also been used to explain the origin of the late Cainozoic 
Cooktown basalts of northern Queensland, Australia (Zhang 
et al. 2001). Metasomatism has also been used to explain the 
geochemical distinctions in magmas in monogenetic volca-
noes from the southern Cascade arc (Strong and Wolff 2003) 
and Jeju Island, Korea (Brenna et al. 2012).

As for Mt Rouse, both asthenospheric and lithospheric 
sources were invoked for the monogenetic Big Pine Volcanic 
Field, California. Gazel et al. (2012) state that earlier-erupted 
volcanoes were derived from the asthenosphere and later 
eruption centres from a chemical boundary layer beneath 
the base of the lithosphere. This directly contrasts with the 
nature of the LAB beneath Mt Rouse, as lithospheric and 
asthenospheric magmas erupted during a single series of 
eruptive events. Because magmas from both sources erupted 
at Mt Rouse simultaneously, this implies the plains and 
cones series may reflect partial melting of metasomatised 
mantle related to the LAB. Partial melting of metasoma-
tised mantle can be a consequence of thermal perturbations 
(McKenzie 1989). This could be explained by edge-driven 
convection, a recent explanation proposed for the cause of 
NVP magmatism (Demidjuk et al. 2007; Farrington et al. 
2010; Davies and Rawlinson 2014). Differential motion 
between the fast-moving Australian lithosphere and the 
underlying asthenosphere, coupled with thermal contrasts 
associated with steps in lithospheric thickness beneath the 
Australian continent to the south, acts to produce convec-
tion cells in the upper mantle at the transition zone of the 
steps. Convection cells then travel with the overlying litho-
sphere and produce upwelling of fertile asthenospheric mate-
rial downstream (e.g. south) of the lithospheric step (King 
and Anderson 1998; Demidjuk et al. 2007; Farrington et al. 
2010) and isolated to the shallow asthenosphere (Davies and 
Rawlinson 2014). Lithospheric steps beneath Australia have 
been confirmed (e.g. Fishwick et al. 2008), and the NVP has 
recently been shown to be associated with an important area 
of thin lithosphere close to the southernmost main step, with 
there being several steps in lithospheric thickness beneath 
the NVP (Davies and Rawlinson 2014). The area of the NVP 
shows low seismic velocities at depth, associated with ele-
vated temperatures (Rawlinson and Fishwick 2012; Davies 
and Rawlinson 2014) and partial melt (Aivazpourporgou 
2013). The low velocities disappear by 200 km depth, which 
could be explained by edge-driven convection and means 
that a mantle plume origin for the NVP is highly unlikely 
(Rawlinson and Fishwick 2012). Edge-driven convection 
would produce upwelling of asthenosphere as a convection 
cell which is 150 % of the step size in lithospheric thickness, 
meaning that low seismic velocities deeper than 200 km 
would be absent (King and Anderson 1998; Rawlinson and 
Fishwick 2012). Convection cells created in such a manner 
will lead to deformation of mantle material, depending on 
the lithospheric viscosity, which will also lead to changes in 
surface heat flow (Hardebol et al. 2012) as seen in the NVP. 
High deformation rates in the mantle lead to efficient accu-
mulation and extraction of magma in a zone of partial melt-
ing (Bons et al. 2004; Demidjuk et al. 2007). This can lead to 
the formation of large volumes of melt over short timescales, 
perhaps explaining the large volume of batch A lavas. Davies 

Table 9  Eruption styles associated with the magma batches of Mt 
Rouse and their role in the stratigraphic architecture of the complex

Magma batch Eruption Style Role in architecture  
of complex

A Hawaiian Lava field

B, C Violent Strombolian to 
micro-Plinian

Northern and Southern 
main cones

C Strombolian Northern and southern 
early eruption centres
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and Rawlinson (2014) estimate maximum upwelling veloci-
ties of 1.75 cm/year in the region of the NVP, which is local-
ised directly beneath the surface expression of volcanism in 
the area. Complementing the theory of edge-driven convec-
tion as an origin for NVP volcanism, southeast Australia 
is currently in a NW–SE compressive stress regime (Hillis 
et al. 1995; Sandiford et al. 2004). Deformation is evident 
in southeast Australia, with intraplate deformation along the 
southern Australian margin corresponding to the regions of 
high heat flow (Sandiford et al. 2004; Holford et al. 2011). 
Although minor features of deformation, microstructures in 
the abundant mantle xenoliths of the NVP show deforma-
tion through common kink-banding of olivines (Nicholls and 
Greig 1989), a feature also observed in the xenoliths of Mt 
Rouse.

The magmas from Mt Rouse may therefore be due to the 
interplay between lithospheric steps leading to shear-driven 
upwelling in the upper asthenosphere and partial melt-
ing across the LAB. Deeper-derived magmas are associ-
ated with increasingly metasomatised mantle, constraining 
whether they erupt effusively (lower lithosphere-derived) 
or explosively (upper asthenosphere-derived).

Conclusions

1. Mt Rouse, the largest volcano in the Newer Volcanics 
Province, is an unusual monogenetic volcano; it is the 
product of three magma batches which erupted over 
multiple stages with sequential eruption of magma 
batches A, C and B, followed by simultaneous eruption 
of batches A and B.

2. The three magma batches all show geochemical char-
acteristics similar to OIB; their REE contents and 
patterns provide evidence that they originated in a 
garnet-bearing source region. The magma batches 
are increasingly enriched in the LREE from Batch 
A through to batch C. Batch A are alkali to subalkali 
basalts, batch B ranges from alkali basalt to hawai-
ites, and batch C are alkali basalts through hawaiites to 
basanites. There has been no evident crustal contami-
nation in the genesis of the magmas.

3. Sr–Nd–Pb isotope analysis and major element geo-
chemical modelling define two suites with similar 
enriched mantle source regions affected by some 
degree of metasomatism.

4. The magma batches originated from the LAB at depths 
of 55–63 km; partial melting may have been caused by 
deformation of the mantle as a result of the fast-mov-
ing Australian lithosphere in relation to the underlying 
asthenosphere, which results in the upwelling of hot, 
fertile lithosphere through convection. The LAB is an 
important boundary with respect to NVP volcanism.

5. Whereas the volcanic products of batch A comprise 
lavas, those of batches B and C comprise scoriaceous 
products. There is mantle control on the eruption of 
effusive versus explosive magmas, with explosive mag-
mas sourced from deeper areas of the mantle that have 
undergone increasing amounts of metasomatism.

6. Monogenetic volcanism in the NVP is not as simple as 
previously thought, with at least three volcanoes fea-
turing two or more magma batches in their evolution. 
This study has shown the importance of combining 
detailed stratigraphic analysis with systematic geo-
chemical analysis in order to define the complex nature 
of the eruption sequence. While many volcanoes in the 
NVP are simple in nature, with single magma batches, 
others may feature similar polymagmatic characters 
to Mt Rouse and complex stratigraphies that will only 
be revealed upon further investigation. This study will 
have important implications for petrogenetic model-
ling in the NVP, as these and any future results can be 
used alongside geodynamic modelling in order to fur-
ther constrain the origin and genesis of volcanism of 
the NVP, particularly with reference to the plains and 
cones series of magmas.
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6.1 Introduction

In this study, the Newer Volcanics Province (NVP) of southeastern Australia has been explored 
in detail, and a new distribution map of eruption centres has been generated. The distribution of 
eruption centres in the Hamilton area of western Victoria has been significantly updated, with the 
discovery of previously unknown volcanoes and the confirmation of three phases of eruption in the 
area. The Mt Rouse magmatic volcanic complex has been explored in considerable detail, outlining 
the great complexity of the volcano. This includes the genesis and geochemical characteristics of 
multiple batches of magma, and the characterisation of multiple volcanic facies that were erupted 
during a complex sequence of events involving differing eruption styles.

This chapter summarises the main findings of this thesis in terms of the distribution, 
geochronology and geochemistry of volcanoes in the NVP, the complexity of the Mt Rouse volcano, 
hazard implications of renewed volcanic activity in the NVP and suggestions for future research.

This study has shown that monogenetic volcanoes may be far from simple, and will have 
significant implications for studies of monogenetic volcanism and the emergent field of study of 
complex monogenetic volcanoes both in the NVP and worldwide.

6.2 Distribution of volcanoes in the Newer Volcanics Province

The analysis of NVP volcanoes as outlined in Chapters 1 and 2 has led to the drafting and 
publication of a new volcanic distribution map recognising at least 437 individual volcanoes over 
a 19 000 km2 area from Melbourne, Victoria to the Mt Burr range in southeastern South Australia. 
This project represents a significant update of the locations of volcanism within the NVP since the 
publication of Joyce’s (1975) map. Several previously unrecorded volcanoes were discovered across 
the NVP, some as small as 9 m high. This study indicates that 437 volcanoes is a minimum estimate, 
and that there may be many smaller volcanoes that remain unrecorded. In addition, it is likely that 
smaller, older, low profile volcanoes have been buried by the eruption products of younger volcanoes.

The NVP is the largest young monogenetic volcanic field in Australia in terms of area covered 
and numbers of volcanoes.  Other young provinces in Australia include (1) the 7.06 Ma to <10 ka 
Atherton Province in northern Queensland, containing 65 basaltic volcanoes covering 2500 km2 (De 
Keyser & Lucas 1968; Stephenson 1989; Whitehead et al. 2007); and (2) the McBride Province 
southwest of Atherton, which contains 164 volcanoes dated to between 3 Ma and 50, 000 BP (Griffin 
1977; Stephenson 1989; Whitehead 2010). With the construction of a digital database of the volcanoes, 
the distribution maps of the NVP can readily be updated with new information on an ongoing basis 
and can be used in the generation of volcanic hazard maps. In addition, the volcanic distribution 
maps can be used in conjunction with geochemical, geochronological and geodynamical data to help 
constrain the nature of NVP volcanism.

Chapter 6
Conclusions and discussion
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6.3 Geochronology of the Newer Volcanics Province volcanoes

The widely accepted nominal age range of NVP activity is 4.5 Ma to ca 5000 BP (Blackburn 
1966; McDougall et al. 1966; Blackburn et al. 1982; Price et al. 2003; Gray & McDougall 2009; 
Gouramanis et al. 2010). However, based on the geochronological studies of Cayley et al. (1995) and 
Edwards et al. (2004), who date buried lava flows north of Beaufort, western Victoria to 7.80 ± 0.08 
Ma and Lady Julia Percy Island to 6.22 ± 0.06 Ma respectively, this age range is deemed inaccurate. 
The older dated sample overlies ~70 m of basalt flows, presumably of the NVP, which indicates that 
the age range of the province is significantly greater than the traditional estimates, and this has been 
attributed to sampling bias towards the younger, fresher and easier to access volcanic products in the 
NVP (Cayley et al. 1995; Edwards et al. 2004). A distribution map of ages for the NVP, along with 
associated statistics (Chapter 1.6.2), shows that only <9% of the known volcanoes have been dated. 
This project highlights the need for additional chronological studies of the province and recommends 
that the age range of the NVP be extended to 8 Ma.

The lack of strong constraints on ages in the NVP has implications for studies of eruption 
frequency and highlights the fact that any inferences of waxing or waning of volcanism over time 
are inherently flawed. With numbers of volcanoes and the timespan of activity in the province both 
underestimated, estimates of eruption frequency are likely to be inaccurate. Gray & McDougall (2009) 
argue that the period between 3.0–1.8 Ma constitutes the interval of maximum activity in the NVP 
based on a peak in dated volcanoes, and that volcanism began to wane after that period. However, 
when collating geochronological studies (Chapter 1.6.2), a pronounced peak in volcanism is seen from 
0.5 Ma onward, particularly in the west of the NVP, which indicates that volcanism is not waning. 
Such results should however be interpreted with caution, as there has been sampling bias towards 
younger volcanoes and a statistically robust number of volcanoes is yet to be analysed. Additional 
dates should be plotted on volcanic distribution maps in order to recognise any age progressions or 
clustering of volcanic activity in the NVP. Eruption frequencies assume that volcanic eruptions are 
equally spaced in time; in reality it is more likely that there are clusters of volcanoes erupted within 
distinct time frames in certain locations.

Another implication of these studies is that the NVP was active at the same time as the 
Macedon–Trentham group of basaltic to trachytic centres northwest of Melbourne, dated at 7.0–4.6 
Ma (Wellman 1974; Dasch & Millar 1977; Ewart et al. 1985). The Macedon–Trentham group is 
compositionally distinct from the NVP, and resembles the central volcanic complexes of New South 
Wales and Queensland (Knutson & Nicholls 1989). 

By combining the interpretation of radiometric imagery with observations on the preservation 
of outcrop and published geochronological ages, three phases of eruption were confirmed in the 
Hamilton area of the NVP during this project (Chapter 3). These phases had ages of >4 Ma, ca 2 Ma and 
<0.5 Ma. This technique could be applied to other areas of the NVP, leading to a generalised eruption 
phase distribution map for the NVP. This may assist with the identification of volcano groupings 
over time. However, using radiometric ternary imagery in areas of unconsolidated, fine grained maar 
deposits may give misleading ages, as weathering occurs at a faster rate in fine-grained material. This 
means that caution should be taken in areas with maar volcanoes. Additional radiometric ages for 
some of the older volcanoes may help to further subdivide the >4 Ma volcanoes.
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6.4 Geochemistry of the Newer Volcanics Province volcanoes

Geochemically, the NVP shows compositions ranging from basalts and trachybasalts and 
basanites through to basaltic icelandites, trachyandesites and phonotephrites (Chapter 1.6.3).

There is a clear difference in composition between the Plains and Cones basalt series of Price 
et al. (1997). Plains basalts are dominantly tholeiitic and transitional, while the Cones basalts are often 
strongly alkalic (Chapter 1.6.3). The Cones series feature higher concentrations of incompatible trace 
elements than the Plains series and are attributed to deeper mantle reservoirs that have undergone 
increasing amounts of metasomatism (Chapters 3 and 5). This is reflected both in their trace element 
compositions and 87Sr/86Sr isotope ratios. A heterogeneous mantle is inferred beneath the NVP, having 
contrasting degrees of depletion and enrichment of Light Rare Earth Elements (LREE) over small 
areas (McDonough & McCulloch 1987). Metasomatism is thought to increase with depth beneath 
western Victoria (Frey et al. 1978; McDonough et al. 1985; McDonough & McCulloch 1987; 
Boyce et al. 2014) and at least three metasomatic events have led to enrichment in incompatible 
trace elements (Griffin et al. 1988; O’Reilly & Griffin 1988). Metasomatism has also been used to 
explain geochemical distinctions in magmas in monogenetic volcanoes from the southern Cascade 
arc (Strong & Wolff 2003) and Jeju Island, Korea (Brenna et al. 2010).

Reconnaissance geochemical studies of volcanoes in the Hamilton area (this project) go 
hand-in-hand with the three phases of eruption identified in the area, with compositions becoming 
increasingly alkaline over time to ~2 Ma. This indicates that the source depth of the magmas increases 
over time, with the more alkaline Cones series being associated with deeper mantle reservoirs than the 
Plains series, as suggested by Price et al. (1988). Eruptions over the past ca 0.5 Ma in the Hamilton 
area cover the entire range of compositions (Plains and Cones series; Chapter 3), which indicates 
that the NVP is tapping a wider range of pressures over this timespan. This is highlighted by the 
geochemistry of Mt Rouse (in the Hamilton area) and Mt Gambier, which are 135 km apart. Both 
volcanoes have multiple magma batches of both Plains and Cones affinities and pressure–temperature 
estimates for mantle melting indicate that the sources of the magmas were in a region straddling the 
lithosphere–asthenosphere boundary (van Otterloo et al. 2014; Chapter 3/Boyce et al. 2014; Chapter 
5/Boyce et al. 2015). In contrast, Holt et al. (2014) suggest an opposite relationship between the 
pressure/depth of magma generation and the ages of volcanoes in the Mt Gambier region, with source 
depths decreasing with age. The P–T formulations of Lee et al. (2009) were used in the Holt et al. 
(2014) study, based on small numbers of geochemical analyses for many of the volcanoes (rather than 
full suites). These calculations are not calibrated for alkalic basalt compositions like those of the NVP 
Cones series, and they lead to an overestimation of the melting pressures. In addition, only three of 
the seventeen volcanoes considered have published ages (see Chapter 1.6.2), making it difficult to 
confirm this hypothesis. If P–T calculations are performed for the other NVP volcanoes, using full 
suites of major and trace element data, it should be possible to construct a map of magma source 
depths within the NVP using the new volcano distribution generated in this project. This would lead 
to advances in geodynamic modelling to explain the initiation of volcanism in the province. 
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6.5 The complexity of the Mt Rouse magmatic volcanic complex

Through detailed study of its stratigraphy coupled with systematic geochemical analysis, Mt 
Rouse has been shown to be an extremely complex monogenetic volcano (Chapter 4 and Chapter 
5/Boyce et al. 2015). Eight facies were identified, including both coherent and fragmental types 
produced by eruption styles varying from Hawaiian and Strombolian to micro-Plinian through 
violent-Strombolian and phreatomagmatic. At least three magma batches (A, B and C) were involved 
in the evolution of the volcano, which erupted over multiple stages with sequential eruption of 
magma batches A, C and B, followed by simultaneous eruption of batches A and B. The magmas 
involved in the eruptions all show geochemical characteristics similar to Ocean Island Basalts and 
are increasingly enriched in the LREE from batch A through to batch C, with no obvious evidence 
of crustal contamination. Two magma suites were identified through Sr–Nd–Pb isotope analysis 
and major element geochemical modelling, the latter indicating that the magmas originated from 
the lithosphere–asthenosphere boundary at depths of 55–63 km. A mantle control on the eruption 
of explosive versus effusive magmas was inferred, with magma batch A (Plains series; effusive) 
derived from the lower lithosphere and magma batches B and C (Cones series; explosive) the upper 
asthenosphere. With regards to controls on eruption style at Mt Rouse, these are thought to include 
magma composition, mass flux rate, vent reuse, involvement of external water in the eruptions and 
presumably the juvenile volatile content of the melt.

This research contributes significantly to the field of complex monogenetic volcanism. 
Although monogenetic volcanoes represent the most common form of continental volcanism on 
Earth (Valentine & Gregg 2008), they are poorly understood. Such volcanoes were conventionally 
thought to be produced from a single batch of magma erupted during a single short-lived event to 
form a small, simple volcano, after which magma conduits cooled and were not used by later magmas 
(Foshag & Gonzales 1956; Kienle et al. 1980; Camp et al. 1987; Walker 2000). Recent research 
has shown that this definition is incorrect for at least some monogenetic volcanoes, with sequential 
eruption of two magma batches documented at Parìcutin, in the Michoacán-Guanajuato Volcanic 
Field, Mexico (Luhr 2001; Erlund et al. 2010), Udo, Jeju Island, south Korea (Brenna et al. 2010, 
2011) and Brush Mountain, Round Barn Cones and two cones on the Popcorn Cave mafic shield, in the 
southern Cascades (Strong & Wolff 2003). In the NVP, both the Mt Gambier and Red Rock maar–cone 
volcanic complexes were produced from the simultaneous eruption of two magma batches (Piganis 
2010; Blaikie et al. 2012; van Otterloo et al. 2014). Complex compositional variation has also been 
detailed at several other monogenetic volcanoes across the world, including in the NVP (e.g., Smith et 
al. 2008; Brenna et al. 2011; Prata 2012), and polycyclic volcanoes have been documented both in the 
NVP and the Auckland Volcanic Field (e.g., Edwards 1994; Edwards et al. 2004; Needham et al. 2010; 
Jordan et al. 2013). Mt Rouse is the first monogenetic volcano to be documented as the product of 
three magma batches and featuring the re-eruption of an earlier erupted magma batch. This highlights 
the importance of combining detailed stratigraphic analysis with systematic geochemical studies in 
monogenetic volcanoes and has important implications with respect to petrogenetic modelling in the 
NVP, as both Plains and Cones series magmas erupted at Mt Rouse simultaneously (see section 6.3).



173

Chapter 6
6.6 Hazard implications of renewed volcanism in the Newer Volcanics Province

The area of the NVP is populated by more than 4.8 million people (Australian Bureau of 
Statistics 2011); with no volcanic contingency plans in place for future eruptions, it is important 
to gain a fuller understanding of the distribution and type of volcanoes in the province in order 
to understand the risks that renewed volcanic activity might pose to the general populace. Future 
eruptions are possible in the NVP, which has an average eruption frequency of between 1:10 800 
years and 1:12 500 years (Joyce 1988a, b; Cas et al. 1993; Chapter 2/Boyce 2013) with the last 
eruption at ca 5000 BP. The NVP is considered an active volcanic province, a view supported by the 
occurrence of mantle-derived CO2 in several locations within the province, and elevated surface heat 
flow and the inferred presence of partial melt zones mainly beneath the Central Highlands subprovince 
(Wopfner & Thornton 1971; Chivas et al. 1983, 1987; Cartwright et al. 2002; Graeber et al. 2002; 
Aivazpourporgou et al. 2012; Davies & Rawlinson 2014). 

It is impossible to predict the location of future eruptive events in the NVP, as a large area 
is currently active at depth. A new eruption could last from weeks to years, and the type of volcano 
formed would depend on many factors, including the inherent properties of the magma and the 
location of volcanism with respect to water-bearing sediments. 

The NVP records evidence of a diverse range of volcanic hazards. Lava flows are the most 
common hazards associated with NVP volcanoes, with simple lava shields accounting for 209 of the 
437 volcanoes (48%). The longest lava flows (60 km) are associated with Mt Rouse (Sutalo & Joyce 
2004) and the thickness of lava or lava sequences in the NVP varies from <2 m to >100 m (Joyce 
2004). Parts of the city of Melbourne are built on the lava flows of the NVP, and there are 60 known 
volcanoes in the Sunbury and Craigieburn areas of Greater Melbourne (Figure 6.1). As an example, 
the lavas from an effusive eruption in the Greater Melbourne area could follow the Maribyrnong River 
and reach the Melbourne Central Business District. Basaltic lava flows are typically at temperatures 
ca 1200˚C, and they therefore may destroy everything in their path. This would lead to the destruction 
of infrastructure and loss of agricultural land, but pose low risk to human life.

 Scoria cones account for 28% of the volcanoes in the NVP, including 23 magmatic volcanic 
complexes (which may also feature large lava flows). A range of eruption styles is associated with such 
volcanoes in the NVP, but only a few of these have been fully characterised stratigraphically. Eruption 
styles range from Strombolian (common) to micro-Plinian and violent-Strombolian (relatively 
uncommon). Scoria cones are typically >500 m in diameter in the NVP, but may become significantly 
larger if multiple vents form. Hazards near-vent include the ejection of molten pyroclastic material 
in the form of spatter and bombs. Sustained eruption columns may be produced during micro-Plinian 
and violent-Strombolian eruptions and ash could be dispersed thousands of kilometres downwind in 
a worst-case scenario, similar to the 2010 eruptions at Eyjafjallajökull, Iceland (Gudmundsson et al. 
2012).

Phreatomagmatic eruption styles are documented in 11% of NVP volcanoes, mainly in the 
Camperdown area but also found in Mt Gambier, Woodhouse northeast of Hamilton and in the 
Central Highlands subprovince. Maar volcanoes are the sites of the most dangerous eruption events 
in monogenetic volcanic fields (White & Ross 2011), and form when rising magma interacts with 
groundwater, causing rapid quenching of the magma and fragmentation into particles of fine ash 
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(Wohletz 1983; Büttner et al. 2002). Continual eruption column collapse gives rise to base surges, 
while co-surge fall deposits mantle the surrounding topography in fine ash kilometres from the vent. 
Base surges are among the most hazardous events during maar formation and are a ground-hugging, 
turbulent mixture of gas and ash, which spreads laterally from the vent. Pyroclastic flows have been 
documented at Mt Gambier >3.5 km from the vent (van Otterloo et al. 2013), Lady Julia Percy Island 
(Edwards et al. 2004), Lake Purrumbete (Jordan et al. 2013) and Tower Hill (Prata 2013). In addition, 
Surtseyan eruptions could ensue if a future eruption occurred at sea, as documented at Lady Julia 
Percy Island. However, this is considered to have a low probability, as Lady Julia Percy Island is 
considered one of the oldest volcanoes in the NVP and, although polycyclic, is the only subaqueous 
volcano yet identified in the province.
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6.7 Suggestions for further research

Although the results outlined herein have significantly contributed to studies of monogenetic 
volcanism, there are a number of suggestions for possible further research both in the NVP and the 
broader field of monogenetic volcanism.

• A melt inclusion study of phenocryst phases of the volcanic products of monogenetic volcanoes 
 that have detailed stratigraphic and geochemical information available would be a major 
 contribution. Melt inclusions are small parcels of original melt  that become trapped during 
 the formation of crystals in a magma. As they often preserve  magma compositions different 
 from those which produced their host rocks they may be very useful in studies of the evolution 
 of mantle-derived magmas. In addition, the most primitive compositions may be used to 
 model the geochemistry of primary magmas and their mantle magma sources. Melt inclusions 
 retain volatile elements that would otherwise escape during the evolution of the magma by 
 degassing, so they can be utilised to study pre-eruptive volatile contents and degassing paths 
 (e.g., Atlas et al. 2006). They can also be used to study processes that drive changes in magma 
 composition, such as crystallisation, assimilation (Johnson et al. 2008), magma mixing (Atlas 
 et al. 2006) and mingling (Roggensack 2001) and also source heterogeneities among other 
 features (Kent 2008). 
• The detailed stratigraphic architecture and systematics of geochemical variation within further
 individual eruption centres of the NVP need to be studied, in order to assign types of 
 monogenetic volcanism, constrain the spatial extent of magma types and depths of melting
 across the NVP and construct better geodynamic models. Similar studies can be performed in 
 other monogenetic volcanic provinces.
• Additional geochronological studies of individual volcanoes and drill cores of earlier (Plains) 
 lava flows in the NVP need to be undertaken in order to better constrain the age range of 
 the NVP, and to construct more accurate age distribution maps for the province to illustrate 
 age progressions or clustering of centres through time.
• A volcanic contingency plan should be produced for Victoria and southeastern South Australia, 
 including hazard assessments, public education, information and warnings, and the detailing 
 of evacuation plans for key areas in case of future eruptions.
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Outreach

This appendix contains an excerpt from the 2011 IUGG VF01 field trip guide Cas et al. (2011), an 
outreach article written for Geology Today (Boyce et al. 2014) and both a web page and tour created 
for the Volcanoes Discovery Centre, Penshurt.

CAS R., BLAIKIE T., BOYCE J., HAYMAN P., JORDAN S., PIGANIS F., PRATA G.& 
VAN OTTERLOO J. 2011. Factors that influence varying eruption styles (from magmatic to 
phreatomagmatic) in intraplate continental basaltic volcanic provinces: The Newer Volcanics Province 
of southeastern Australia. Field trip guide VF01, pp. 7–31. IUGG 2011 General Assembly. Earth on 
the Edge: Science for a Sustainable Planet.

BOYCE J. A., NICHOLLS I. A., KEAYS R. R. & HAYMAN P. C. 2015. Variation in parental 
magmas of Mt Rouse, a complex polymagmatic monogenetic volcano in the basaltic intraplate Newer 
Volcanics Province, southeast Australia. Geology Today 30, 105-109.
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FIELD TRIP GUIDE  

VF01: FACTORS THAT INFLUENCE VARYING 
ERUPTION STYLES (FROM MAGMATIC TO 
PHREATOMAGMATIC ) IN INTRAPLATE 
CONTINENTAL BASALTIC VOLCANIC 
PROVINCES: THE NEWER VOLCANICS 
PROVINCE OF SOUTHEASTERN AUSTRALIA. 

9 – 13 July 2011 

R. Cas, T. Blaikie, J. Boyce, P. Hayman, S. 
Jordan, F. Piganis, G. Prata, J. van Otterloo 
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Mount Rouse Volcano

Julie Boyce

Unless otherwise stated, figures and data 
form part of doctoral thesis (unpublished) of 
Julie Boyce.

1. Introduction
Mt. Rouse is a volcanic complex of 

lavas and pyroclastic deposits with several 
eruption points (Fig. MR1), named by Major 
Mitchell in 1836 after Richard Rouse, a 
prominent free settler in Sydney during the 
early 1800’s. Lying in the town of Penshurst, 
near Hamilton, Victoria, (Western Plains 
sub-province) (Fig. MR2), Mt. Rouse has 
produced the largest eruption volume in 
the NVP, more than triple the size of other 
volcanoes in terms of both area covered and 
volume erupted (Elias, 1973). Lava flows 
extend 55 km to the coast at Port Fairy, 
covering an area of 535 km2 (Boyce et al, 
unpublished), and the cone complex is a 
substantial edifice of coalesced cones and 
craters.

The lava flows of Mt. Rouse were 
erupted onto a relatively flat topography with 
a gradient of 1:200 (300 m in 60 km) from 
cone to sea. They form stony rises, ridges 
and depressions 3-10 m in height, with 15-
30 m between rises, formed from a braided 
network of lava tubes beneath semi-solidified 
crust (Ollier, 1985). The latest sub-division of 
the Mt. Rouse flows is that of Sutalo (1996), 
and was based on geomorphological features 
and differences in mineralogy, utilising aerial 
photographs, radiometric and magnetic 
imagery and ground-truthing. Six main lava 
flows were recognised (Fig. MR2). The oldest 
is the Rouse-Port Fairy Flow, which extends 
55 km to the coast at Port Fairy (the Tarrone 
Flow is interpreted as a break-out from this 
flow), and the Spring Flow is suggested to 
be another early flow. The Hawkesdale Flow 
is 27 km in length - the second longest flow 
unit, with more rugged relief than the Rouse-
Port Fairy Flow. The boundary between the 
Rouse-Port Fairy Flow and the Hawkesdale 
Flow was inferred from aerial photograph 
relief and ridge distribution of the stony rises 

(Sutalo & Joyce, 2004). The New Flow and 
Lava Shield originate from the southern 
crater (Whitehead, 1991; Sutalo 1996).

The northern double scoria cone of 
Mt. Rouse trends E-W, rising 120 m above 
the surrounding lava plains. The internal 
stratigraphy and architecture of the cone 
and crater complex is complex because 
of the overlapping relationships between 
successive constructional edifices as the 
location of eruption points shifted in time. The 
southern crater features two small satellite 
cones to the southeast. The inner walls of 
an early eruption point are located in the LK 
quarry to the NE, featuring coarse scoria 
and spatter steeply dipping to the south, and 
intrusive rocks to the base. This is overlain 
by scoria from the northern cones, shallowly 
dipping to the east.

Age dating of lava flows by K-Ar 
and 40Ar-39Ar has yielded ages of 0.294-
0.382 Ma, 0.415-0.450 Ma and 1.82 Ma 
(Table MR1, Fig. MR2), yet Mt. Rouse has 
previously been considered monogenetic. 
The 1.82 Ma age is considered incorrect 
(Sutalo & Joyce, 2004; Matchan & Phillips, 
2011). Matchan & Phillips (2011) ascribe the 
0.4 Ma dates to either extraneous 40Ar or an 
older eruption. K-Ar dating assumes there 
is no excess argon, while the more precise 
Ar-Ar dating makes no such assumption. 
Petrologically the basalts are similar across 
the flows.

Scientific questions for discussion:

- Are the 0.4 Ma ages from an earlier 
eruption, or due to extraneous argon?

- If the Tarrone Flow represents an 
earlier eruption, why are the basalts 
so similar in terms of petrography 
and geochemistry (all lavas have the 
same geochemistry and are from the 
same magma batch) with a hiatus of 
100,000 – 150,000 years?

Petrographically, Mt. Rouse basalts 
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contain phenocrysts of olivine and 
clinopyroxene (up to 0.85 mm) and rare 
zoned plagioclase (up to 1.5 mm) in a 
groundmass of plagioclase laths (An36 

andesine) with minor olivine and pyroxene 
(Fig. MR3a,b). Magnetite and ilmenite are 
accessory phases, and alteration of olivine 
to iddingsite is common.

Satellite cones

Early eruption
point

Old Railway Quarry

Lewis Quarry

Southern crater

Overlapping northern craters

LK Quarry

N STOP 1

STOP 2

STOP 3

100 m

Overlapping northern craters

Early eruption
point

Lewis Quarry

Southern crater

Satellite cones

STOP 3b

STOP 1

STOP 2

LK Quarry

Old Railway Quarry

STOP 3a

STOP 3c

a

b

N

Fig. MR1 (a) ArcGIS 3D image of Mt. Rouse (utilising NASA ASTER data) with 1.5x vertical exag-
geration, showing stops, craters and quarry locations, (b) Map of Mt. Rouse (after Rosengren, 
1994) showing the volcano in relation to the township of Penshurst, with stops, craters and quarry 
locations. NASA ASTER GDEM is a product of METI and NASA.
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Geological units
Dolostone

Basalt
Lava flow

Alluvium
Gravel
Calcarenite
Sand
Silt

Tuff

Legend
Mt. Rouse flows (Sutalo 1996)

Lava shield
New Flow

Rouse-Port Fairy Flow

Hawkesdale Flow
Spring Flow
Tarrone Flow

Sampling location

Mt. Napier

Tower Hill

Melbourne

Mt. Rouse

Penshurst

Mortlake

Hamilton

Port Fairy

0  8km

1.953 Ma ± 0.02

2.073 Ma ± 0.07

1.822 Ma ± 0.04
0.2944 Ma ± 0.025

0.3014 Ma ± 0.027
0.353 Ma ± 0.01

0.333 Ma ± 0.01
0.313 Ma ± 0.01

0.4151,2 Ma ± 0.017
0.4501,2 Ma ± 0.007 

0.3824 Ma ± 0.024 

1,2 Ma ± 0.0050.320 0.3094 Ma ± 0.02
0.3091,2 Ma ± 0.008

Fig. MR2. Distribution of main lava flows from Mt. Rouse. Modified after Sutalo (1996) utilising Arc-
GIS, showing lava flow units, surrounding geology and K-Ar and 40Ar-39Ar dates. 1McDougall & Gill 
(1975); 2Ollier (1985); 3Gray & McDougall (2009); 4Matchan & Phillips (2011).
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Geochemically, effusive and explosive 
products define two separate magma 
batches. One magma batch was effusive, 
forming all basalts, including basalt of the 
lava shield interbedded with pyroclastic 
deposits in the quarries of the southern cone; 
the second magma batch was explosive, 
forming the scoria and ash deposits. Effusive 
products are exclusively alkali basalts (with 
the odd exception being sub-alkaline in 
composition), while explosive products range 
from basanites to alkali basalts (Fig. MR3c). 
Trachybasaltic pyroclastics may be further 
subdivided into hawaiites. REE Patterns 
(Fig. MR3d) are similar to OIB, with LREE 
enriched compared to HREE, due to the 
presence of olivine and pyroxene. Absence 
of an Eu anomaly show that plagioclase 
was not a major fractionating phase in either 
magma batch. Extreme depletion of HREE 
relative to light indicates garnet in the source.

STOP MR1. Mt. Rouse Summit

The road ascends from the lava apron 
along a sinuous route from the southern to 
the northern scoria cone, each of which 
has a well-preserved crater. A short walk 
to the summit from the car park provides 
an excellent view of the complex and its 
surroundings. The summit is located above 
the northern flank of the highest cone at 340 
m (the surrounding plains are 200 m, while 
the stony rises lava shield are at 220 m), and 
the northern crater is elongated east-west, 

due to its formation from two overlapping 
circular craters 150 m and 250 m in diameter. 
The summit consists of a spatter rampart 
composed of extensively weathered welded 
scoria fragments, and a small outcrop of 
basalt with columnar joints to the surface.

Looking to the south from the steps, 
the two satellite cones of the southern crater 
can be seen, and a view of the Lewis Quarry 
of the southern scoria cone shows ashy 
scoriacious deposits overlain by an orange 
coloured lapilli and ash-rich deposit. The 
lava shield can be seen all around, with the 
distinctive hummocky terrain characteristic of 
the stony rises. On a clear day, other views 
of geological interest include the Grampians 
mountain range to the north (consisting of 
deformed Devonian sedimentary rocks), 
Mt. Napier lava shield and summit spatter 
cone complex to the west and the Mt. Eccles 
shield volcano to the south-west

STOP MR2. Southern crater view

Walk down from the northern cone 
summit and follow the road back down the 
volcano, which runs through both northern 
craters, now planted with Monterey Pines 
and native flora. The road runs past the 
southern crater, where we will stop for a 
few moments for an excellent view of this 
eruption point. The southern crater has 
steep undulating sides dropping down into 
a permanent lake at 218 m. Just above the 
crater lake to the north-east, coarse-grained 

Flow Age (Ma) Reference Method
1.82 Ollier (1985) K-Ar
0.294 ± 0.025 Matchan & Phillips (2011) 40Ar-39Ar

0.31 ± 0.01
0.33 ± 0.01
0.35 ± 0.01
0.301 ± 0.027 Matchan & Phillips (2011) 40Ar-39Ar

0.309 ± 0.008 McDougall & Gill (1975); Ollier (1985) K-Ar
0.309 ± 0.02 Matchan & Phillips (2011) 40Ar-39Ar
0.320 ± 0.005 McDougall & Gill (1975); Ollier (1985) K-Ar
0.382 ± 0.024 Matchan & Phillips (2011) 40Ar-39Ar
0.415 ± 0.017 McDougall & Gill (1975); Ollier (1985) K-Ar
0.450 ± 0.007 McDougall & Gill (1975); Ollier (1985) K-Ar

Gray & McDougall (2009)

Lava shield 
(interbedded 

Hawkesdale Flow

Rouse-Port Fairy 
Flow

K-Ar

Table MR1 K-Ar and 40Ar-39Ar dates for Mt. Rouse lava flows, colour referenced to flow
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Fig. MR3 Petrography and geochemistry of Mt. Rouse deposits. Photomicrograph of Mt. Rouse 
basalt in PPL (a) and XPL (b) showing plagioclase groundmass and clinopyroxene clusters. (c) 
TAS diagram of normalised geochemical data from all Mt. Rouse studies. Crossed squares – Elias 
(1973) (orange northern cone, black southern cone), diamonds – Whitehead (1986), filled squares 
– Sutalo (1996), circles – Boyce et al (unpublished) (lavas), triangles – Boyce et al (unpublished) 
(pyroclastics). Colours indicate flow units of Sutalo (1996): red – Lava Shield, yellow – New Flow, 
green – Rouse-Port Fairy Flow, blue – Hawkesdale Flow, orange – Spring Flow, purple – Tarrone 
Flow. (d) Chondrite normalised REE diagram for the products of Mt. Rouse (Boyce et al, unpub-
lished) showing that pyroclastic deposits (red) define one magma batch and lavas (blue) define 
another. 
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Fig. MR4 Generalised stratigraphic log of the eastern face of the Old Railway Quarry, showing (a) 
lava flow underlain by Pele’s tears and hair-rich surge deposit and scoria, (b) coarse surge deposit 
underlying lava, showing pinch and swell structures. Contains extremely common fresh Pele’s 
tears (c) and hairs (d). (e) Ashy layers in the Lewis Quarry to the southwest, underlying Old Rail-
way Quarry deposits of the Eastern face. 
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basalt blocks feature columnar jointing. 
There are also many boulders around the 
crater rim. This vantage point also offers 
good views of the two satellite cones. The 
western cone is slightly higher than that to 
the SSE, at 268 m, featuring a small circular 
crater approximately 15 m wide, filled with 
1.5 m agglutinated spatter bombs and fine-
grained basalt blocks. A wall of basalt blocks 
~2 m rims the crater to the west. The satellite 
cone to the SSE is 264 m high with a longer 
and flatter crater than the western satellite 
cone. The basalt here is more intensely 
weathered due to the many small vesicles.

STOP MR3. Old Railway Quarry

Continue 350 m along the road, and enter 
the Old Railway Quarry on the left. This 
quarry contains an excellent section through 
the flank of the southern scoria cone of Mt. 
Rouse. Figure MR4 shows a generalised 
stratigraphic log through the deposits of the 
eastern face of the Old Railway Quarry (stops 
3a, b), which correlate with the underlying 
deposits in the Lewis Quarry to the southeast. 
Geochemically, the pyroclastics all belong to 
one magma batch (including armoured lapilli 
in the deposit above the lava), whereas the 
lava itself belongs to the second magma 
batch. The dip of the scoria underlying the 
lava suggests an origin from the southern 
crater. 

STOP MR3a – adjacent to quarry entrance 
on right

A lava flow and surge layer can be 
seen at this location, corresponding to 
approximately 14-18 m in the generalised 
log of Figure MR4.

The alkali basalt lava flow 
geochemically plots on all bivariate diagrams 
with samples from the lava shield of previous 
studies. The flow was originally clastogenic 
and is a splendid example of pahoehoe, with 
the ropey underside very well preserved. 
Columnar jointing can be seen to the south 
of the quarry, and in places smaller flows 
have split apart, preserving lava stalagmites 
and stalactites. 

A distinctive surge layer is exposed 

beneath the lava flow. It is up to 1.5 m 
thick and pinches out to the north with the 
lava, and is an excellent marker bed. The 
surge is composed of ashy pinch-and-swell 
structures, and coarse oxidised scoriacious 
lapilli up to 8 mm, geochemically belonging to 
the pyroclastics magma batch. An absence 
of crustal material indicates a near-surface 
water source for this surge. Of importance to 
this deposit is the abundance of Pele’s tears 
and hairs throughout the layer, which are 
remarkably well preserved. Pele’s hairs are 
up to 9 mm long and can be extremely fine 
and delicate, while the Pele’s tears come in 
a variety of shapes and sizes from <1 mm 
to 1 cm, perfectly rounded, classic tear-drop 
shapes, fusiform or globular. Many of the 
tears are still attached to hairs. Prevailing 
wind must have been towards the east, as 
the amount of these products in the surge 
layer decreases to the south, and very few 
are found in the corresponding layer in the 
Lewis Quarry.

Walk along this exposure towards the 
northern-end of the quarry, noting the various 
fallen blocks of lava, which expose the ropey 
surface of the flow. There is an increase in 
the amount of Pele’s hairs and tears along 
the exposure.

Scientific questions for discussion:

- Why are fragile Pele’s tears and hairs 
so well preserved in a surge deposit? 
Are they derived from the same vent? 
Geochemical analysis of the Pele’s 
tears will confirm which magma batch 
they belong to. 

- Does this deposit represent a fall-
modified surge deposit?

STOP MR3b – far northeast of Old Railway 
Quarry

Walk down from the quarry face back 
to the path, being careful not to slip on the 
vegetated scree. Make your way to the right-
hand-side of the far end of the quarry.

A thick layer of black lapilli (scoria) 
in the 5-20 mm range is exposed here, 
corresponding to approximately 11-14 m in 
the generalised log of Figure MR4. The lapilli 
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are exceptionally well preserved, showing 
the sheen of original glassy surfaces. 
Agglutinated bombs and blocks are found 
up to 30 cm, and there are two bomb-rich 
horizons, with bombs up to 70 cm in size. 
Two surge deposits can be seen within the 
black scoria – the first is 0.25 m thick, in a 
small exposure just beneath and to the left 
of the main fall. The second is 10 cm thick, 
approximately 0.5 m from the exposed base. 
Both are composed of black ash-lapilli sized 
scoria, showing pinch-and-swell structures, 
but do not correlate with the Pele’s tears and 
hairs surge. 

Scientific question for discussion:

- Do these surge deposits represent 
wet or dry eruptions?

STOP MR3c –far northwest of Old Railway 
Quarry

Directly behind stop 3b can be seen a 
series of pyroclastic deposits with centimetre 

to metre-scale planar bedding (Fig. MR5). 
The base of the exposure can be reached by 
climbing a small scree-slope to a track just 
beneath it.

The base is unexposed, but the log 
begins with deposits consisting of several 
small beds of tri-coloured scoria and ash, 
reversely graded. Above this, deposits 
contain bedded oxidised lapilli in the 5-20 
mm range; with spatter bombs and blocks 
up to 50 cm. The basal layers of this deposit 
are hard to correlate with the eastern 
wall (Fig. MR4), as they contain a very 
distinctive, well consolidated oxidised scoria 
above tri-coloured deposits, whereas the 
‘corresponding’ scoria in the eastern face 
contains friable black scoria above surge 
deposits which are not seen in northern 
deposits. The eastern face constitutes the 
opening phases of eruption of the southern 
cone, while the northern face represents 
later phases of the same eruption, as the dip 
of the beds suggests that they originate from 
the southern crater.
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Fig. MR5 Stratigraphic log of the northwestern deposits of the Old Railway Quarry, showing (a) 
location map, with stop 3b on the right, and dipping beds of the northwestern deposits to the left, 
(b) reversely graded tri-coloured scoria and ash.
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Scientific questions for discussion:

- Does the colouration in these deposits 
reflect oxidation?

- Does reverse grading in the tri-
colour deposits represent fluctuating 
eruption column heights, or is it due 
to down-slope movement of clasts? 
Many of the deposits of Mt. Rouse are 
reverse graded.
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Feature
Victoria erupts: the Newer Volcanics Province 
of south-eastern Australia

J. Boyce, I. Nicholls, 
R. Keays & P. 
Hayman
School of Geosciences, 

Building 28, Monash 

University, Melbourne, 

Australia 

The Newer Volcanics Province of south-eastern Australia is often overlooked, 
though it comprises a multitude of volcanic features worthy of exploration. 
The province contains > 416 eruption centres varying in nature from simple 
to complex, ranging from lava shields and scoria cones to some of the largest 
maar volcanoes in the world. Explorable caves and lava tubes showcase 
well-preserved lava flow features, while the province is a fossickers dream, 
containing abundant mantle xenolith and megacryst collecting localities. 
As the most recent eruption was ~5000 bp at Mt. Gambier, the Newer 
Volcanics is considered an active province, and may yet provide Australia with 
more eruptions, adding to the glorious volcanic features of the wonderful 
landscape.

When thinking of Australia, people generally con-
jure up an image of a vast, sweeping landscape full 
of skipping kangaroos, sleepy koalas and iconic, re-
laxed, Crocodile Dundee-type, Akubra-wearing, lo-
cals. Volcanoes are not usually the first things to 
come to mind. You may in fact be surprised to learn 
that Australia has had a long history of volcanism 
throughout the Cenozoic, and The Newer Volcan-
ics Province (NVP) of south-eastern Australia forms 
the youngest expression of volcanism in the country. 
Stretching 410 km from Melbourne in Victoria to the 
Mt. Burr range in South Australia, the NVP contains 
> 704 eruption points associated with > 416 volcanic 
centres (Fig. 1), featuring the most diverse array of 
volcanic features in south-eastern Australia, of both 
national and international significance.

Geological Setting

The NVP covers > 19 000 km2 in Victoria and South 
Australia, and was formed from 4.5 Ma to ~5000 bp. 
Local Aboriginal people witnessed some of the erup-
tions, naming them Willum-a-weenth (place of fire). 
The NVP is the youngest of three groups of Cenozoic 
igneous provinces in Victoria, which also includes 
the Macedon–Trentham group (7.0–4.6 Ma) and the 
Older Volcanics (95–19 Ma). Conventionally defined 

as an intraplate monogenetic volcanic field, the NVP 
contains products of a wide range of eruption types, 
such as scoria cones, lava shields, maars and compos-
ite centres. Volcanism has been considered as simple 
and short-lived, with single magma batches erupting 
within a short time frame to produce small and sim-
ple volcanic edifices (monogenetic). However, recent 
detailed research into individual eruption centres is 
challenging that assumption; for example Mt Gambier 
and Red Rock have been shown to be the products 
of two magma batches, and Mt Rouse the product 
of three. Additionally, Lake Purrumbete shows evi-
dence of a volcanic hiatus during its eruption, and 
The Bluff and Mt. McIntyre have interbedded palae-
osols between their deposits, indicating polygenetic 
behaviour. The location of volcanoes mentioned in 
the text may be found in Fig. 1.

The NVP is subdivided from east to west into the 
Central Highlands, Western Plains and Mt. Gambi-
er sub-provinces. The Central Highlands cover the 
dissected uplands of Palaeozoic metasediments and 
granites north-west of Melbourne, the Western Plains 
fill the pre-existing subdued topography of the Otway 
Basin, and the Mt. Gambier sub-province lies over 
the Gambier Embayment sediments, meta-sediments 
of the Delamerian Orogeny and the Otway Basin sedi-
ments. The southern edge of the NVP is marked by 
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the Colac Lineament, and is controlled by faulting.
The origin of the volcanic activity is widely de-

bated. Continental extension leading ultimately to 
the breakup of Australia and Antarctica, followed 
by post-rift diapirism has been cited as one possible 
cause. Hot spots and mantle plumes (both station-
ary and diverging) have also been suggested, with 
reference to the hot spot track of volcanic centres 
associated with the Great Dividing Range in eastern 
Australia, the focus of which is now beneath Bass 
Strait. More recent explanations include edge-driven 
convection, whereby thermal contrasts associated 
with steps in lithospheric thickness generate second-
ary convection cells and asthenospheric upwelling 
downstream. In this way the lateral and vertical flow 
of warm Pacific mantle is believed to have created a 
diffuse alkaline magmatic province of low-volume but 
long-lived magmatism.

Eruption centres of the NVP

Eruption centres of the NVP can be defined as either 
simple or complex, and one eruption centre can have 
multiple eruption points of different character. Sim-
ple volcanoes feature few known eruption points and 
have simple morphologies. They have been classified 
as small scoria cones, lava shields, maars and ash 
cones/domes. Complex volcanoes, on the other hand, 
form larger edifices with multiple overlapping erup-

tion points of differing character. These take the form 
of magmatic cones or shields, and maar or maar-cone 
volcanic complexes. The NVP therefore preserves a 
wide variety of well-preserved volcanic landforms. 
The Central Highlands and Western Plains contain 
approximately equal numbers of volcanic centres, at 
54 percent and 42 percent respectively. However, 
the Central Highlands covers a much smaller area of 
> 4277 km2, 71 percent smaller than the Western 
Plains, which covers 14 600 km2. The Mt Gambier 
sub-province contains only 6 percent of eruption cen-
tres, with eruption products covering approximately 
217 km2, estimated from drill hole data, as Late Pleis-
tocene sands overlie much of the volcanics.

Most of the maar-forming eruptions are concen-
trated in the south, in the Warrnambool–Colac re-
gion, where they are associated with the aquifers of 
the underlying Cenozoic Otway Basin sediments and 
Mesozoic structures. In contrast, the Central High-
lands is situated on Palaeozoic basement.

Simple eruption centres
Scoria cones form by the near-vent accumulation of 
pyroclastic material, such as lapilli, bombs and minor 
ash that was fragmented by the violent release of 
volcanic gases. Scoria cones of the NVP range in size 
from < 50 m high to > 215 m, and many are also 
associated with late-stage lava flows produced from 
degassed magma. Powlett Hill in the Central High-

Fig. 1.  The Newer Volcanics 
Province of south-eastern 
Australia, showing complex 
and simple volcanoes and lava 
flow field (grey area). Volcanoes 
referred to in text: 1, Mt. 
Gambier; 2, Red Rock; 3, Lake 
Purrumbete; 4, The Bluff; 5, Mt. 
McIntyre; 6, Powlett Hill; 7, Mt. 
Hamilton; 8, Mt. Pierrepoint; 9, 
Mt. Napier; 10, Mt. Rouse; 11, 
Mt. Eccles; 12, Tower Hill; 13, 
Mt. Shadwell.

Fig. 2.  Powlett Hill scoria cone, 
Ullina.

Fig. 3.  Mt. Pierrepoint lava 
shield, Hamilton.

Fig. 4.  Lake Surprise, Mt. Eccles 
magmatic volcanic complex, 
Macarthur.
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tion points of differing character. These take the form 
of magmatic cones or shields, and maar or maar-cone 
volcanic complexes. The NVP therefore preserves a 
wide variety of well-preserved volcanic landforms. 
The Central Highlands and Western Plains contain 
approximately equal numbers of volcanic centres, at 
54 percent and 42 percent respectively. However, 
the Central Highlands covers a much smaller area of 
> 4277 km2, 71 percent smaller than the Western 
Plains, which covers 14 600 km2. The Mt Gambier 
sub-province contains only 6 percent of eruption cen-
tres, with eruption products covering approximately 
217 km2, estimated from drill hole data, as Late Pleis-
tocene sands overlie much of the volcanics.

Most of the maar-forming eruptions are concen-
trated in the south, in the Warrnambool–Colac re-
gion, where they are associated with the aquifers of 
the underlying Cenozoic Otway Basin sediments and 
Mesozoic structures. In contrast, the Central High-
lands is situated on Palaeozoic basement.

Simple eruption centres
Scoria cones form by the near-vent accumulation of 
pyroclastic material, such as lapilli, bombs and minor 
ash that was fragmented by the violent release of 
volcanic gases. Scoria cones of the NVP range in size 
from < 50 m high to > 215 m, and many are also 
associated with late-stage lava flows produced from 
degassed magma. Powlett Hill in the Central High-

lands (Fig. 2) is a 120 m high scoria cone nestled in 
amongst several other cones, which together make 
up the ‘Birch Creek Volcanic Complex’, the region 
with the highest concentration of scoria cones in the 
Newer Volcanics Province.

Lava shields in the NVP range from large edifices 
> 100 m high to extremely low profile shields that 
are easily mistaken for parts of lava flows themselves. 
Many of the shields feature lava caves and tubes; for 
example Mt. Hamilton features 1200 m of branching 
lava passages. Mt. Pierrepoint (Fig. 3) is a good exam-
ple of a lava shield, featuring at least two individual 
flows, rising approximately 60 m above the surround-
ing lava plains, and is more than 2 km across, with 
an ill-defined crater ~30 m across at the peak. The 
centre is among the oldest volcanoes of the NVP at 
3.9 Ma.

Maars are the products of phreatomagmatic erup-
tions, and form due to the interaction between ris-
ing magma and ground/surface waters, resulting in 
a bowl-shaped crater with a low rim of fine-grained 
ejecta, rich in country rock fragments. Many NVP 
maars occur as part of complex eruptions, resulting 
in the formation of multiple coalescing maar craters, 
or in combination with magmatic eruptions to form 
magmatic volcanic complexes.

Ash cones and domes are also phreatomagmatic 
in nature, but feature steeper dipping beds of ejecta 
and craters lying above the ground surface, more 
similar to scoria cones in terms of morphology. These 
eruption centres are so far found exclusively in the 
Mt. Gambier sub-province as part of the Mount Burr 
Volcanic Group—14 volcanic centres of various types 
concentrated along a basement high and related to 
three northwest trending lineaments.

In addition, more than thirty eruption centres are 
of an unknown character. These are centres that 
need to be ground truthed in order to assign eruption 
characteristics. Many data on the NVP remain un-

published in reports and manuscripts of scientists and 
students, which may reveal further eruption points 
and clarify the nature of these unknown centres.

Complex eruption centres
Magmatic volcanic complexes feature multiple erup-
tion points of varying magmatic character, such as 
scoria and/or spatter cones and lava shields. They are 
found scattered across the NVP in such centres as Mt. 
Napier, which features lava flow tumuli and the most 
extensive accessible lava caves in Australia; and Mt. 
Rouse, the largest eruption source. Mt. Eccles (Budj-
Bim) is a magnificent 2 km long fissure vent system 
dated to ~30 ka. It is composed of three coalesced 
craters forming Lake Surprise (Fig. 4), and multiple 
scoria and spatter cones aligned NW–SE. Lava flowed 
south-west from the complex for ~65 km, now cov-
ered by the sea for the last 16 km. They preserve 
lava canals, caves and flow features of international 
and national significance. For example, The Shaft is 
a 10 m high cone of welded spatter with a 23 m 
deep vent that widens at depth and can be explored 
via abseiling.

Maar volcanic complexes feature multiple 
phreatomagmatic eruption points with insignificant 
magmatic influences. Lake Purrumbete is one of the 
largest maar volcanoes in both the NVP and world-
wide, with a 3 km diameter vent formed by multi-
ple phreatomagmatic eruptions and a small-volume 
pyroclastic flow event. The centre contains excellent 
exposures showing the intricate nature of the base 
surges (Fig. 5). There are very few volcanoes of this 
type in the NVP. As with simple maars, most occur in 
combination with magmatic eruption products.

Many spectacular maar-cone complexes are found 
in the NVP, which are a combination of magmatic 
and phreatomagmatic eruption products in the form 
of maars, scoria cones and/or lava flows and spatter 
cones. The NVP is host to centres such as Tower 
Hill, another of the world’s largest maar volcanoes, 
3.2 km in diameter featuring a nested scoria and spat-
ter cone complex with small-volume lava flows, and 
spectacular exposures (Fig. 6). The complex is also a 
national park, where you can picnic with the koalas 
and emus while taking in the landscape. The Red 
Rock Volcanic Complex features 40 eruption points 
composed of multiple maars, scoria cones and lava 
flows; Mt. Gambier and Mt. Schank are the young-

Fig. 3.  Mt. Pierrepoint lava 
shield, Hamilton.

Fig. 4.  Lake Surprise, Mt. Eccles 
magmatic volcanic complex, 
Macarthur.
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est volcanoes in the NVP. Mt. Gambier is dated to 
~5000 bp and is an extremely complex centre featur-
ing two magma batches erupting simultaneously to 
produce > 14 eruption points of maars, scoria and 
spatter cones, tuff cones, lavas and pyroclastic flows.

Fossickers paradise

Mantle xenoliths, or ‘olivine bombs’ are a common 
occurrence in the NVP, and are found at many of the 
eruption centres, in lavas, cones and phreatomag-
matic ash deposits. Olivine bombs consist of peridotite 
xenoliths that are encased in basalt (Fig. 7). Xenoliths 
form when rising magma entrains parts of the upper 
mantle, erupting it onto the surface. The presence of 
xenoliths attest to the fast ascent rates of the magmas, 
which may be as high as tens of metres per second 
in order to keep the denser xenoliths entrained in 
the buoyant magma. Mortlake (western Victoria) is 
designated Australia’s ‘olivine capital’, as Mt. Shad-
well contains the largest deposits of the peridotite 
xenoliths in Australia, which often contain gemstone 
quality olivine (peridot). The xenoliths provide im-
portant clues as to the nature of the mantle beneath 
the NVP and have been used in the construction of a 
geothermal gradient for south-eastern Australia

Megacrysts are also a relatively common occur-
rence in the NVP. These are coarse single crystals 
of high-pressure origin, formed at 1–2.5 GPa depth 
(35–80 km). The crystals are > 5 mm in size, with py-
roxenes being the most abundant, but also common 
alkali feldspar (anorthoclase) and rarer hornblende, 
ilmenite, apatite, zircon, garnet and corundum. Along 
with olivine, some of these megacrysts may originate 
from disaggregated mantle xenoliths.

Pele’s hairs and tears (achneliths) are found at Mt. 
Rouse, the largest eruption source in the NVP. Dated 
to 0.35 Ma, the volcano features an unusual surge 
deposit containing the products of two separate mag-
ma batches. Small scoria clasts represent one magma 
batch, while abundant Pele’s tears and broken hairs 
form a second batch. Amazingly, most of the tears 
remain intact, even though they were entrained in 
the turbulent flow. They range in size from < 1 mm 
to just over 1 cm, and have a wide range of mor-
phologies from almost perfectly spherical to elongate 
and bulbous, many with the classic teardrop shape 
(Fig. 8). The tears form in high temperature, low 
viscosity fire fountaining eruptions, and are molten 
basaltic glass droplets, shaped and quenched during 
flight. Hairs are spun out from the tears and carried 
in the wind. Many of the tears in this deposit still 
have the basal part of the hair attached. Fragments of 
Pele’s hair have also been discovered in Lake Purrum-
bete ash deposits.

Active province

The NVP is considered an active province, with the 
occurrence of mantle-derived CO2 at locations such 
as Mt. Gambier and a heat anomaly within the 
mantle beneath the Central Highlands sub-province. 
Researchers agree that further eruptions are possi-
ble, and the average eruption frequency has been 

Fig. 5.  Lake Purrumbete, 
Camperdown.

Fig. 6.  Tower Hill crater rim 
sequence.

Fig. 8.  Pele’s tears (achneliths) 
from Mt. Rouse, Penshurst.

Fig. 7.  Mantle xenolith 
trapped in lava from Mt. Leura, 
Camperdown.
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Pele’s hairs and tears (achneliths) are found at Mt. 
Rouse, the largest eruption source in the NVP. Dated 
to 0.35 Ma, the volcano features an unusual surge 
deposit containing the products of two separate mag-
ma batches. Small scoria clasts represent one magma 
batch, while abundant Pele’s tears and broken hairs 
form a second batch. Amazingly, most of the tears 
remain intact, even though they were entrained in 
the turbulent flow. They range in size from < 1 mm 
to just over 1 cm, and have a wide range of mor-
phologies from almost perfectly spherical to elongate 
and bulbous, many with the classic teardrop shape 
(Fig. 8). The tears form in high temperature, low 
viscosity fire fountaining eruptions, and are molten 
basaltic glass droplets, shaped and quenched during 
flight. Hairs are spun out from the tears and carried 
in the wind. Many of the tears in this deposit still 
have the basal part of the hair attached. Fragments of 
Pele’s hair have also been discovered in Lake Purrum-
bete ash deposits.

Active province

The NVP is considered an active province, with the 
occurrence of mantle-derived CO2 at locations such 
as Mt. Gambier and a heat anomaly within the 
mantle beneath the Central Highlands sub-province. 
Researchers agree that further eruptions are possi-
ble, and the average eruption frequency has been 

Fig. 8.  Pele’s tears (achneliths) 
from Mt. Rouse, Penshurst.

estimated at between 1 : 10 800 and 1 : 12 500 years. 
However, this may prove inaccurate as more detailed 
ages emerge for individual eruption centres. A new 
volcano would be produced with very little warning, 
with only minor seismic activity. If mantle xenolith 
predictions are correct, and the magmas can travel 
tens of metres per second, a magma originating at a 
depth of 80 km could reach the surface in as little as 
two hours. The hazards produced would depend on 
the location of the volcanism with respect to the un-
derlying aquifers and hence the occurrence of mag-
matic or phreatomagmatic eruptions. Hazards would 
range from small or large-scale lava flows, scoria cone 
formation, or the eruption of a maar volcano with 
resultant ash plumes and base surges. A risk and 
hazard map was produced for the NVP, using mapped 
eruption types and ages. As the NVP lies in populated 
areas, an eruption close to Melbourne, for example, 
would damage property and infrastructure, disrupt 
travel, particularly aviation in the event of an ash 
plume, and may even result in the loss of life. With no 

Fig. 7.  Mantle xenolith 
trapped in lava from Mt. Leura, 
Camperdown.

emergency planning or public education in place in 
Victoria, a resultant event could be more catastrophic 
with the general population unaware of the dangers 
associated with volcanic activity. Will the Newer Vol-
canics Province erupt again? Watch this space.
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 Did you know there were volcanoes in Victoria? The state is actually home to the Newer 
Volcanics Province (NVP), a volcanic field stretching 410 km from Melbourne to the Mt. Burr range 
in South Australia, covering >19 000 km2 and containing >704 eruption points from >416 volcanic 
centres (Figure 1). The province contains a wide variety of eruption centres, which are both simple and 
complex in nature, ranging from lava shields and scoria cones to some of the largest maar volcanoes 
in the world. Explorable caves and lava tubes showcase well-preserved lava flow features, while 
the province is a fossickers dream, containing abundant mantle xenolith and megacryst collecting 
localities. 

 The NVP is the most recent phase of volcanic activity in Australia with an age range of 4.5 
million years to ~5000 B. P. at Mt. Gambier, and is still considered active! Local Aboriginal people 
witnessed some of the eruptions, naming them ‘Willum-a-weenth’ (place of fire).

Is there a volcano in your garden? Eruption locations of 
the Newer Volcanics Province

Julie Boyce
This web page can be found at www.penshurstvolcano.org.au and accompanies the article ‘The 

Newer Volcanics Province of southeastern Australia: a new classification scheme and distribution 
map for eruption centres’ published in the Australian Journal of Earth Sciences 60:4, 449-462.

See attached CD for Database of eruption points.

Figure 1 Distribution of volcanic centres in the Newer Volcanics Province (Boyce 2013)
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 The NVP is sub-divided into the Central Highlands, Western Plains and Mt. Gambier 
subprovinces based on differences in geomorphology.

• The Central Highlands subprovince can be found northwest of Melbourne, containing 54% of 
NVP volcanic centres.

• The Western Plains subprovince extends 320 km from Melbourne to Portland, and contains 42% 
of NVP volcanic centres.

• The Mt. Gambier subprovince is 60 km west of the Western Plains, containing only 4% of eruption 
centres.

 Volcanic centres in the NVP can be split into two groups — simple or complex and then 
further categorised.

Simple volcanoes

Simple volcanoes feature few eruption points, dominantly of one form, with simple morphologies 
(shapes).

Figure 2 Examples of simple volcanoes of the NVP. a) Mt. Elephant scoria cone, b) Picaninny Hill lava shield, c) Lake 
Keilambete maar. Photos by Julie Boyce and Teagan Blakie.

Scoria cones form by the accumulation of pyroclasts rich in vesicles (holes made by exsolved gases). 
They can also be associated with outpourings of lava, for example Mt. Elephant, Derrinallum.

Lava shields form from the gradual build-up of fluidal lava flows, which can flow many kilometres. 
A good example of a lava shield in the NVP is Picaninny Hill, near Penshurst.

Maars form from when magma rising to the surface encounters groundwater. The result is a bowl-
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shaped crater with a low rim of fine grained ejecta. Lake Keilambete, between Noorat and Terang is 

a good example of a simple maar.

Complex volcanoes

Complex volcanoes feature multiple eruption points and complex morphologies (shapes).

Figure 3 Examples of complex volcanoes of the NVP. d) Mt. Rouse, e) Lake Purrumbete, showing Mt. Porndon in the 
distance, f) Mt. Gambier’s Valley Lake. Photos by Julie Boyce and Jozua van Otterloo.

1. Magmatic volcanic complexes feature a combination of lava shields, scoria cones and spatter 
cones. An example is Mt. Rouse, Penshurst, which features eight eruption points of lava and scoria, 
with lava flows stretching 60 km to the coast at Port Fairy.
2. Maar volcanic complexes feature multiple eruption points of phreatomagmatic eruption 
products (e.g. multi large 3 km diameter maar was formed by the coalescence of at least three shallow 
craters during ple coalesced maars). Lake Purrumbete, Colac is such a volcanic centre. This violent 
eruptions when water interacted with the magma to create explosions of volcanic ash and gas. 
3. Maar–cone volcanic complexes feature a combination of magmatic and phreatomagmatic 
eruption 
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4. products, as the magma interacts with water, such as maars, scoria cones and lava flows, like 
Mt. Gambier. This volcanic centre has more than 14 eruption points of maars, scoria and spatter 
cones, tuff cones, lavas and pyroclastic flows.

 The NVP is considered an active province, with the occurrence of mantle-derived carbon 
dioxide at locations such as Mt. Gambier. Researchers agree that further eruptions are possible, and 
eruption frequency has been estimated at between 1:10 800 and 1:12 500 years. A new volcano would 
be produced with very little warning, perhaps a few small earthquakes. If mantle xenolith predictions 
are correct, and the magmas can travel tens of metres per second, a magma originating at a depth of 80 
km could reach the surface in as little as 2 hours. The hazards encountered would depend on the kind 
of eruption centre being formed. Hazards would range from small or large-scale lava flows, scoria 
cone formation, or the eruption of a maar volcano with resultant ash plumes. Don’t worry; chances 
are high you would be able to escape an eruption. Will the Newer Volcanics Province erupt again? 
We don’t have enough information to be able to predict an eruption, so the truth is we don’t actually 
know! 

 Why not see if there is a volcano in your garden! A Google Earth kml file is available showing 
all eruption points for the Newer Volcanics Province, and central locations for complex eruptions. 
The file can be downloaded here, and is best viewed with a vertical exaggeration of 3 as many of the 
lava shields have very low relief. This can be changed in preferences of Google Earth. Don’t forget 
to drag the folder out of ‘Temporary Places’ and into ‘My Places’ to save.

This web page contains information from the following articles:

BOYCE J.A. 2013. The Newer Volcanics Province of south-eastern Australia: a new classification 
scheme and distribution map for eruption centres. Australian Journal of Earth Sciences 60, 449–462.

BOYCE J., NICHOLLS I., KEAYS R. & HAYMAN P. 2013. Victoria erupts. The Newer Volcanics 
Province of south-eastern Australia. Geology Today 30, 105–109.

JORDAN S. C., CAS R. A. F. & HAYMAN P. C. 2013. The origin of a large (>3 km) maar volcano 
by coalescence of multiple shallow craters: Lake Purrumbete maar, southeastern Australia. Journal 
of Volcanology and Geothermal Research 254, 5–22.

VAN OTTERLOO J., CAS R. A. F. & SHEARD M. J. 2013. Eruption processes and deposit 
characteristics at the monogenetic Mt. Gambier Volcanic Complex, S. E. Australia: implications for 
alternating magmatic and phreatomagmatic activity. Bulletin of Volcanology 75, 1–21.

A full database of eruption points, including shapefiles for ArcGIS, for scientific use, can be obtained 
from (http://monash.academia.edu/JulieBoyce).

For further information, please contact 
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Penshurst, Victoria. Home to Mt. Rouse, the largest eruption point in the Newer Volcanics Province 
and, of course, the most exciting volcano in the Western Plains subprovince! Triple the volume of 
other eruption centres, Mt. Rouse is a volcanic complex of lava and scoria featuring at least six 
eruption points, ‘towering’ 120 m above the township (Fig.1). 

Mt. Rouse, Victoria: a whistle-stop tour
Julie Boyce

This tour is available for download at www.penshurstvolcano.org.au/mt-rouse

Figure 1 Mt. Rouse, showing northern double scoria cone in the background and the northern satellite cone hiding the 
southern crater far right. Taken from the Hamilton Highway.

Your journey begins by taking the sinuous Mt. Rouse 
tourist road to its end, from the lava apron through 
the southern cone and climbing the steps to the top 
of the northern cone. From here, you will see an 
overview of the complex, the main cone composed of 
two overlapping craters running E–W and breached to 
the west (Fig. 2). An early eruption centre is hidden 
from view to the northeast, while the southern crater is 
visible to the south with its two small satellite cones. 
On a clear day, you will have a spectacular view of 
the Grampians mountain range to the north and the 
Mt. Napier lava shield to the west. While admiring 
the view, check out the spatter rampart of extensively 
weathered welded scoria fragments, and the small 
fresh boulders with columnar jointing. Figure 2 Eruption points of Mt. Rouse. Note that 

quarries are inaccessible. Google Earth.

Make your way back along the tourist road, 
and down into the southern crater. You will 
be able to see two satellite cones looking west 
and southwest. The western cone (Fig. 3) is 
slightly higher than that to the SW, and has 
a small 15 m wide crater filled with spatter 
bombs and fine-grained basalt blocks. A small 
wall of basalt rims the crater to the west.

Figure 3 The small western satellite cone with the large northern 
scoria cone in the background.
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Carry on along the tourist road, and make your way down into the southern crater, which features 
undulating sides, dropping into a permanent lake and featuring coarse-grained basalt blocks with 
columnar jointing (Fig. 4). Columnar jointing forms by the rapid cooling of the basalt from the 
outside to the centre, causing hexagonal joints to form. While at Mt. Rouse, see if you can spot the 
elite unit of camoflaged kangaroo spies (Fig. 5) guarding the volcanic complex!

Figure 4 Columnar jointed basalt, southern crater Figure 5 Kangaroo spies!!
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NVP project data for Chapter 2
Please see enclosed CD-ROM for full suite of data.

•	 Spreadsheet catalogue of geospatial data for NVP volcanoes
•	 KML	file	for	Google	Earth	and	geospatial	software
•	 Layer	files	for	ArcGIS
•	 Explanatory	notes	to	accompany	catalogue	and	layer	files	(in	print	and	on	enclosed	CD-ROM)
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Notes to accompany NVP spreadsheet

These notes are intended to accompany the spreadsheet of eruption points for the Newer
Volcanics Province, Australia.

kmz files are available, which can be opened with Google Earth, and are best viewed using a 
vertical exaggeration of 2–3 (this can be changed in preferences). Shapefiles for ArcGIS are 
also available, as well as a google map and an Illustrator file (pdf) of the volcanic distribution 
map. Please direct enquiries to 

Please cite the following article, which this database accompanies:

BOYCE J. 2013. The Newer Volcanics Province of southeastern Australia: a new 
classification scheme and distribution map for eruption centres. Australian Journal of Earth 
Sciences 60, 449–462.
http://www.tandfonline.com/doi/full/10.1080/08120099.2013.806954#.VNQ1IXayUZ0

The companion paper to Boyce (2013), which focuses on the Hamilton area of the Western 
Plains subprovince can be found at:
BOYCE J. A., KEAYS R. R., NICHOLLS I. A. & HAYMAN P. C. 2014. Eruption centres of 
the Hamilton area of the Newer Volcanics Province, Victoria, Australia: pinpointing 
volcanoes from a multifaceted approach to landform mapping. Australian Journal of Earth 
Sciences 61, 735–754.
http://www.tandfonline.com/doi/full/10.1080/08120099.2014.923508#.VNQ1I3ayUZ0

The most recent NVP map to accompany the database, which includes an additional 23 
volcanoes to the 2013 paper, can be found at:
BOYCE J. A., NICHOLLS I., KEAYS R. & HAYMAN P. 2015. Variation in parental 
magmas of Mt Rouse, a complex polymagmatic monogenetic volcano in the basaltic 
intraplate Newer Volcanics Province, southeast Australia. Contributions to Mineralogy and 
Petrology 169:11. DOI 10.1007/s00410-015-1106-y
http://link.springer.com/article/10.1007/s00410-015-1106-y

A. Details for the contents of each column in the spreadsheets. All spreadsheets follow 
the same format.

VOLCANIC_CENTRE_NAME
This column contains the overall name for the eruption centre, and is most important for 
volcanic complexes, at which there is more than one vent.

SUB_PROVICE
This states in which subprovince of the NVP the volcanic centre lies - the Central Highlands, 
Western Plains and Mt Gambier subprovinces. The Central Highlands lie northwest of 
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Melbourne, and cover the dissected uplands of Palaeozoic metasediments and granites 
(Nicholls & Joyce 1989; Price et al. 2003); the Western Plains cover the area from 
Melbourne west to Portland, where NVP products fill in the pre-existing subdued topography 
formed by the sediments of the Mesozoic Otway Basin; the Mt Gambier subprovince covers 
the volcanoes of South Australia, and lies over the Gambier and Otway Embayment 
sediments and Delamerian Orogeny sediments and metasediments.

VOLCANIC_CENTRE_DESCRIPTION_NEW
This column outlines to which volcano type the eruption centre as a whole belongs, and uses 
a new classification scheme for NVP volcanoes whereby they are described as either simple 
or complex, as outlined in Boyce (2013). Complex volcanoes contain multiple vents and have 
intricate morphologies. They may be described as magmatic volcanic complexes (which 
feature a combination of lava shields, scoria cones and spatter cones), maar volcanic 
complexes (which feature exclusively phreatomagmatic eruption products from the 
interaction between magma and water), and maar–cone volcanic complexes (which feature a 
combination of magmatic and phreatomagmatic eruption products). Simple volcanoes have 
very few vents and are morphologically simple—they include scoria cones, lava shields, 
maars and some centres of unknown character, which need to be ground truthed. Scoria cones 
can also be associated with substantial lava flows.

VOLCANIC_CENTRE_DESCRIPTION_OLD
This column shows the classification of the eruption centre according to the 

previously used system (e.g., Joyce 1975), i.e.volcanoes consisting mainly of lava, volcanoes 
consistingmainly of scoria, maars consisting mainly of phreatomagmatic products,
nested/buried maars, products of complex eruptions (many vents of differing styles) or 
unknown.

LAT_CENTRE, LON_CENTRE
The central latitude and longitude of the eruption centre as a whole in decimal 

degrees.

ERUPTION_POINT_NAME
The individual vents are here assigned names. This is mostly used for volcanic 

complexes, which contain multiple vents, and takes the form of the name of the centre
followed by a number in ascending order.

ERUPTION_POINT_DESCRIPTION_NEW
This column outlines the eruptive character of the individual vents, namely lava, 

scoria, maar, spatter cone, ash cone/dome or unknown.

ERUPTION_POINT_DESCRIPTION_OLD
This column outlines the eruptive character of the individual vents according 

to the previously used system (e.g., Joyce 1975), similar to the earlier volcanic centre 
descriptions.

ERUPTION_POINT_NUMBER
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A number has been assigned to each vent in the archive.

LAT_POINT, LON_POINT
The latitude and longitude of the vent in decimal degrees.

FID_GeoVIC
The number ascribed to the vent (if any) by Geoscience Victoria.

GOOGLE_EARTH_INTERPRETATION
Interpretation of the Google Earth satellite imagery, if applicable.

VOLCANO_TYPE_ROSENGREN
The volcano type, taken from Rosengren (1994). These classifications were based on 

those used by Edwards (1938), Coulson (1954), Ollier & Joyce (1964), Ollier (1967a,b) and 
Singleton & Joyce (1970). They are based on the dominant eruption type and material and are 
divided into products of effusive eruptions (lava cones with craters, lava shields, lava discs 
and lava hills), pyroclastic eruptions (scoria cones with craters, scoria hills, maar–tuff rings 
and nested maar–tuff rings), and miscellaneous eruptions (composite lava and scoria 
eruptions, and other forms such as tuff mounds and mamelons).

taken from:
Rosengren, N. J., 1994. Eruption points of the Newer Volcanics Province of Victoria: an
inventory and evaluation of scientific significance. National Trust of Australia and
Geological Society of Australia, Victorian Division.

SIGNIFICANCE_RATING_ROSENGREN
The significance ratings were taken from Rosengren (1994), who evaluated the 

eruption centres on the basis of their importance as type material, value for teaching and 
research, quality of the eruption products and landforms (freshness and preservation),
importance in establishing volcanic sequences, the uniqueness of the site, and the 
contribution of the site to geological and geomorphological understanding. Ratings are those 
of international and national significance, state, regional, local, unknown or unassigned.

ALT_NAME
Local name for the vent, or alternate names. This is important for centres such as 

Lake Burrumbete in the Central Highlands, where the water-filled maar crater is referred to 
as both Callender Bay and Lake Burrumbete, and the associated scoria cone to the northwest 
is called Mt Callender.

COMMENTS
Any additional comments, if applicable.

REFERENCE
Where the information for the eruption point was obtained.
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Details for the spreadsheet tabs

DELETED POINTS
A list of all eruption points that were removed. Reasons outlined in spreadsheet.

MACEDON-TRENTHAM
Some of the eruption points in Rosengren (1994) were from the Smokers Creek volcanic
subgroup. These are alkali rocks around Mt. Macedon, such as Hanging Rock, which lie
along the boundary between the Older Volcanics and the Newer Volcanics, defined as the
Macedon-Trentham group (7-6 Ma). As such they have been removed from the list of Newer
Volcanics eruption points.
http://dbforms.ga.gov.au/pls/www/geodx.strat_units.sch_full?wher=stratno=69402
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Notes to accompany NVP layer files

These notes are intended to accompany the spreadsheet of eruption points for the Newer
Volcanics Province, Australia.

kmz files are available, which can be opened with Google Earth, and are best viewed using a 
vertical exaggeration of 2–3 (this can be changed in preferences). A google map is also 
available as well as an Illustrator file (pdf) of the volcanic distribution map.

These notes are intended to accompany the shapefiles for ArcGIS for the eruption points of 
the Newer Volcanics Province, which works alongside an additional spreadsheet of eruption 
points. An additional pdf file of explanatory notes accompanies the spreadsheet.

Please direct enquiries to 

Please cite the following article, which this database accompanies:

BOYCE J. 2013. The Newer Volcanics Province of southeastern Australia: a new 
classification scheme and distribution map for eruption centres. Australian Journal of Earth 
Sciences 60, 449–462.
http://www.tandfonline.com/doi/full/10.1080/08120099.2013.806954#.VNQ1IXayUZ0

The companion paper to Boyce (2013), which focuses on the Hamilton area of the Western 
Plains subprovince can be found at:
BOYCE J. A., KEAYS R. R., NICHOLLS I. A. & HAYMAN P. C. 2014. Eruption centres of 
the Hamilton area of the Newer Volcanics Province, Victoria, Australia: pinpointing 
volcanoes from a multifaceted approach to landform mapping. Australian Journal of Earth 
Sciences 61, 735–754.
http://www.tandfonline.com/doi/full/10.1080/08120099.2014.923508#.VNQ1I3ayUZ0

The most recent NVP map to accompany the database, which includes an additional 23 
volcanoes to the 2013 paper, can be found at:
BOYCE J. A., NICHOLLS I., KEAYS R. & HAYMAN P. 2015. Variation in parental 
magmas of Mt Rouse, a complex polymagmatic monogenetic volcano in the basaltic 
intraplate Newer Volcanics Province, southeast Australia. Contributions to Mineralogy and 
Petrology 169:11. DOI 10.1007/s00410-015-1106-y
http://link.springer.com/article/10.1007/s00410-015-1106-y
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Shapefiles have been supplied for all eruption points, the boundary between the Central 
Highlands and Western Plains subprovinces and the major structures across the NVP
.
Please place the excel file in the following folder groupings for the database in order for the
shapefile to correctly display on ArcGIS:

D:\NVP\NVP eruption project\NVP project.xlxs

If this is not possible, volcanic centres for each sub-province can be added with the following 
definition queries using the ‘Eruption points A-Z’ tab of the spreadsheet, and the list of 
symbology used below:

Central Highland sub-province/Complex volcanoes/Magmatic volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Magmatic_Volcanic_Complex' 
AND`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'
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Central Highland sub-province/Complex volcanoes/Maar-cone volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar_Cone_Volcanic_Complex' 
AND`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'

Central Highland sub-province/Simple volcanoes/Maar
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'

Central Highland sub-province/Simple volcanoes/Scoria cone
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Scoria_cone' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'

Central Highland sub-province/Simple volcanoes/Lava shield
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Lava_shield' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'

Central Highland sub-province/Simple volcanoes/Unknown
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Unknown' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'CH'

Western Plains sub-province/Complex volcanoes/Magmatic volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Magmatic_Volcanic_Complex' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Western Plains sub-province/Complex volcanoes/Maar volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar_Volcanic_Complex' AND
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Western Plains sub-province/Complex volcanoes/Maar-cone volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar_Cone_Volcanic_Complex' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Western Plains sub-province/Simple volcanoes/Scoria cone
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Scoria_cone' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Western Plains sub-province/Simple volcanoes/Lava shield
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Lava_shield' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Western Plains sub-province/Simple volcanoes/Maar
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'
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Western Plains sub-province/Simple volcanoes/Unknown
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Unknown' AND 
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'WP'

Mt. Gambier sub-province/Complex volcanoes/Maar volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar_Volcanic_Complex' AND
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'MG'

Mt. Gambier sub-province/Complex volcanoes/Maar-cone volcanic complex
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar_Cone_Volcanic_Complex' AND 
`SUB_PROVINCE` = 'MG' AND `ERUPTION_POINT_NUMBER` = 1

Mt. Gambier sub-province/Complex volcanoes/Ash Cones
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = ‘Ash_Cone’ AND `SUB_PROVINCE` = 
'MG' AND `ERUPTION_POINT_NUMBER` = 1

Mt. Gambier sub-province/Complex volcanoes/Ash Domes
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = ‘Ash_Dome’ AND `SUB_PROVINCE` 
= 'MG' AND `ERUPTION_POINT_NUMBER` = 1

Mt. Gambier sub-province/Simple volcanoes/Maar
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Maar' AND
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'MG'

Mt. Gambier sub-province/Simple volcanoes/Scoria cone
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Scoria_cone' AND
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'MG'

Mt. Gambier sub-province/Simple volcanoes/Lava shield
`VOLCANIC_CENTRE_DESCRIPTION_NEW` = 'Lava_shield' AND
`ERUPTION_POINT_NUMBER` = 1 AND `SUB_PROVINCE` = 'MG'

ESRI symbols to use:
Magmatic volcanic complex = Triangle 3, size 9, Quetzel Green
Maar volcanic complex = Circle 3, size 8, Big Sky Blue
Maar-cone volcanic complex = Pentagon 3, size 8, Solar Yellow
Scoria cone = Triangle 1, size 7, Black
Lava shield = Circle 1, size 5, Mars Red
Maar = Circle 2, size 6, Big Sky Blue
Unknown = Diamond 2, size 8, Anemone Violet
Ash Cone = Pentagon 2, size 6, Quetzel Green
Ash Dome = Pentagon 2, size 6, Quetzel Green
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CIPW norms for Chapter 3

Please see enclosed CD-ROM for full spreadsheet of geochemical analyses.

Mt. 
Baimbridge

Blackwood 
Hill

Moutajup 
Hill

Mt. 
Pierrepoint

Acacia 
Hill

Green 
Hill

Bunnugal 
Hill

Piccaninny 
Hill

Sheepwash 
Hill

Quartz 0.00 0.00 2.69 0.00 0.00 0.00 0.00 0.00 0.00
Plagioclase 46.47 51.63 57.21 51.24 51.46 54.13 47.80 52.80 51.31
Orthoclase 7.68 7.09 4.67 5.61 7.68 4.20 7.62 8.16 8.51
Nepheline 1.58 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.28
Leucite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kalsilite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corundum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diopside 18.11 16.31 11.07 14.55 16.30 13.37 18.26 14.63 13.24
Hypersthene 0.00 10.73 18.43 15.82 1.76 15.62 0.00 6.44 0.00
Wollastonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Olivine 18.46 6.66 0.00 5.95 15.48 5.56 19.00 9.96 18.93
Larnite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acmite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2SiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2SiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ilmenite 4.03 3.87 3.08 3.48 3.76 3.63 3.63 4.22 3.93
Magnetite 2.71 2.81 2.17 2.51 2.61 2.73 2.55 2.81 2.74
Hematite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 1.02 0.93 0.70 0.86 1.00 0.81 1.04 1.09 1.11
Zircon 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
Perovskite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chromite 0.06 0.07 0.04 0.07 0.06 0.06 0.07 0.06 0.06
Sphene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Halite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fluorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Anhydrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2SO4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2CO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.15 100.13 100.09 100.12 100.14 100.14 100.14 100.20 100.15



216

Appendix 3
Jays 
Hill

Cas Maar 
1

Cas Maar 
2

Cas Maar 
3

Cas Maar 
4

Mt. Rouse 
batch A avg

Mt. Rouse 
batch B avg

Mt. Rouse 
batch C avg

Mt. Napier 
AN-44

Mt. Napier 
AN-74

Quartz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Plagioclase 50.32 48.34 45.70 50.23 51.27 48.35 41.90 39.08 47.58 52.56
Orthoclase 7.98 14.06 13.00 12.59 11.82 6.62 9.51 11.05 6.50 8.16
Nepheline 0.00 0.00 0.00 0.00 2.91 0.00 4.14 6.43 0.44 0.00
Leucite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kalsilite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Corundum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diopside 15.59 3.72 7.54 7.71 4.88 17.76 16.24 15.21 18.30 15.86
Hypersthene 6.59 10.26 12.06 2.93 0.00 1.28 0.00 0.00 0.00 0.20
Wollastonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Olivine 11.87 15.08 13.20 18.46 21.65 18.35 19.14 18.29 19.80 15.24
Larnite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acmite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2SiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2SiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ilmenite 3.97 4.18 3.97 4.01 3.65 4.10 4.73 5.17 3.84 4.37
Magnetite 2.65 2.77 2.71 2.65 2.39 2.62 2.74 2.81 2.61 2.52
Hematite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apatite 1.07 1.65 1.88 1.48 1.48 0.95 1.62 2.02 0.95 1.14
Zircon 0.03 0.07 0.06 0.06 0.06 0.03 0.06 0.07 0.03 0.04
Perovskite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chromite 0.06 0.07 0.00 0.09 0.07 0.06 0.04 0.04 0.07 0.03
Sphene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Halite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fluorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Anhydrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2SO4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Calcite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2CO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.13 100.20 100.12 100.21 100.18 100.12 100.12 100.17 100.12 100.12
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Stratigraphic logs

Lewis Quarry

Old Railway
Quarry

LK Quarry
A3 logs

250 m

N

R4/5

R4/4

R4/1

R4/2

R4/3

R3/1

Eruption point A BMagma batches C

Log locations for the southern cone of Mt Rouse.
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LOCATION DATE NAME PAGE . . . OF . . .

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

0

1

2

3

4

5

6

7

8

R4AJ

R4AG

R4AF
R4AE
R4AD

R4AC

R4AB

R4C

R4B

R4A

R4AI
R4AH

Ash-rich deposit to top.  Thins to south.  Non-vesiculated clasts 2–6 mm, mostly 
rounded. Armoured lapilli throughout.

1–40 mm black scoria clasts, some up to 50 mm.
Very light, highly vesicular and glassy.
Some 30cm bombs. 

Large blocks and bombs up to 40 cm. 

Black scoria clasts up to 40 mm.
Very light, highly vesicular and glassy. 
Some 30 cm bombs.

Large blocks and bombs up to 70 cm. 

1–10 mm black scoria clasts, reverse grading.
2–40 mm angular black scoria clasts, reverse grading.  Agglutinated bombs up to 15cm.
1–20 mm black scoria clasts, some angular, reverse grading.

5–40 mm black scoria clasts.
Scoria tubular in shape (stretched).
Agglutinated clasts 10–15 cm towards top of layer.

2–10 mm black scoria clasts, reverse grading.

5–40 mm black scoria clasts.
Faintly stratified.

1–10 mm black scoria clasts, surge deposit.
8–50 mm black scoria clasts, some highly vesicular.

SE

R4/1 26/7/2010 Mt. Rouse, Penshurst. 
-37.8879 S, 142.30616 E

220/45

Bomb Layer
A

Bomb Layer
B

P4

P3

cross-bedded
ash–lapilli

ash-rich armoured
lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5
Facies

B

Magma batches
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LOCATION DATE NAME PAGE . . . OF . . .

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

0

1

2

3

4

5

6

220/45

Bomb Layer
A

Bomb Layer
B

R4/2

SE

26/7/2010 Mt. Rouse, Penshurst. 
-37.8886 S, 142.30602 E

Ash-rich deposit.  Thins to south.  

Lava flow, pinches out to NE, thicker to SW. Central portion splits into thin tube.

R4F

R4I

R4H
R4G

Oxidised surge deposits. Contain abundant Peles hairs and tears.
Deposits same as R4/1 but lower in the sequence clearly oxidised beds can be seen
which are laterally continuous.
Stratified black scoria.
Some dense clasts with low vesicularity, 70 mm–17 cm (R4G).
Agglutinated bombs (R4H) up to 30 cm.

Oxidised layers well sorted, and vary in grain-size ranges:
<10 mm clasts

<5 mm clasts
<10 mm clasts (black scoria layer)
<30 mm clasts

<15 mm clasts
<5 mm clasts

<10 mm clasts (black scoria)

2–20 mm clasts

<10 mm clasts (black scoria)

220/45

P4C1

P3

cross-bedded
ash–lapilli
ash-rich armoured
lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5
Facies BA

Magma batches
lava
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LOCATION DATE NAME PAGE . . . OF . . .

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R4/3

SE

26/7/2010 Mt. Rouse, Penshurst. 
-37.88934 S, 142.30568 E

220/45

220/45

R4O

R4N

Ash-rich deposit, thins to south.  

Lava.  Ropey base.

Oxidised surge deposits. Fine beds 3–10 mm thick, alternating between ash and scoria.
Ash <1 mm, scoria clasts 1–5 mm (vesiculated and angular).
Cross-bedding.
R4N - Bulk sample

0

1

2

3

4

5

6

P4C1

P3

cross-bedded
ash–lapilli
ash-rich armoured
lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5
Facies BA

Magma batches
lava



221

Appendix 4

LOCATION DATE NAME PAGE . . . OF . . .

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R4/4

SW

26/7/2010 Mt. Rouse, Penshurst. 
-37.89013 S, 142.30490 E

0

1

2

3

4

5

6

7

8

9

8 Oxidised surge. Ash–10 mm clasts. Correlates with surge beneath lava.

7 Weathered scoria, cannot determine layering. ~1–20 mm clasts max size.
Weathered from quarrying, but is fallout, well-sorted.

6 Oxidised surge. Ash–5 mm clasts. 

5 5 mm black scoria, no grading.

4 1–100 mm black scoria, coarsely reverse graded. Larger clasts dense.

3 1–20 mm black scoria, reverse graded to base. Few 140 mm clasts.

2 1–60 mm black scoria, poorly sorted, few 140 mm clasts.

1 ~2 m, base unexposed due to scree slope of the same material.
1 mm - 140 mm grey-brown scoria. Poorly sorted with little/no internal stratification.
Scattered spatter bombs ~0.5 m, few 1 m agglutinated bombs. Vesicular but very 
dense.

1

2

3

4
5

6

7

8

?

?

?

R3FA

R3FB

P4 cross-bedded
ash–lapilli
ash-rich armoured
lapilli

P5
Facies BA

Magma batchesP1 poorly sorted bedded 
ash–lapilli–bombs

P2 well sorted fine 
ash–fine lapilli
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LOCATION DATE NAME PAGE . . . OF . . .

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R4/5

NW

26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

0

1

2

3

4

5

6

7

1
23
45678

9

10

11

12b

13

14

15

16
17

18
19
20

21

12a

23 3 mm red scoria base. Clasts up to 40 mm, but most 15 mm. Well consolidated.

22 Red scoria. 2 mm base reverse graded to 30 mm top. Well consolidated. R4BA

20 Red and light brown scoria (equal proportions to the base, >80% red to top), 
3–30 mm clasts.

19, 18 Well sorted with mixed colours (grey, red, light brown), becoming redder to the
top. 15 mm clasts. Colour changes define layers.

17 Reverse graded. 3–15 mm clasts with mixed colours of grey, red and light brown.

16 Fine scoria ~3 mm clasts of red, grey and light brown. Sample R4AO.

15 Coarse, poorly sorted layer of 3–50 mm clasts. Mixture of dense and vesiculated
clasts, red and light brown. Sample R4AN.

14 Light brown scoria up to 45 mm. Smaller fraction is stretched and oxidised.
Sample R4AM.

13 Red, light brown and black scoria up to 50 mm. Sample R4AL.

12b Red, black and light brown scoria clasts with coarse stratification caused by 
proportional changes in colour (there are not layers of each colour, but rather the
proportions of each colour change with height, leading to the look of stratification).
Clasts up to  40 mm.

12a <1mm clasts to base, 30 mm to top. Coarsens upwards into 12b. Samples R4AA
(bulk of layer), R4Z (base of layer).

11 Clasts 2 mm to base coarsening upwards to 2.5 cm at top of layer. Sample R4Y.

10 Clasts 5 mm to base coarsening upwards to 40 cm at top of layer. Sample R4X.

9 Clasts 1.5–30 mm

8 Clasts 3–15 mm

7 Ash layer with clasts <3 mm

6 Clasts 3–30 mm

5 Ash layer with clasts <3 mm

4 Clasts 1.5–30 mm, grey scoria. Sample R4N.

3 Ash layer with brown scoria clasts <3 mm. Sample R4V.

2 Clasts 3–15 mm of grey and light brown scoria. Sample R4U.

1 Well sorted grey and light brown scoria of <3 mm clasts. Sample R4T.

R4AP

R4AO
R4AN

R4AM
R4AL

R4Z

R4AA

R4Y
R4X

R4W
R4V
R4U
R4T

8

9

22 R4BA

23

R4BB

1 7

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batch
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LOCATION DATE NAME PAGE . . . OF . . .

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

28 3–15 mm clasts. Spatter bombs 25 cm - 50 cm. Not very well sorted.
Vent clearing episode? Red and well consolidated.

27 ~10 mm clasts, some 30 mm and 60 mm. Red and well consolidated.

26 2–45 mm scoria, no grading. Red and well consolidated.

25 Red scoria, well consolidated. Internal variations in grainsize but no clear beds.
2–30 mm clasts. 10 cm spatter bombs.

24 1 mm base grading up to clasts of ~10 mm, but with some 40 mm clasts.
Spatter bombs up to 26 cm. Red scoria, well consolidated.

R4BC

23

11

10

12

13

14

15

16

17

18

19

24

25

26

27

28

R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

2 7

NW

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batches
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R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

3 7

NW

LOCATION DATE NAME PAGE . . . OF . . .

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

43 5–30 mm. Plentiful bombs up to 25 cm. Very poorly sorted.

42 2 cm layer of 2 mm clasts.

41 5 mm clasts, well sorted.

40 2–40 mm reverse graded. Bombs up to 50 cm. Brown scoria.

39 3 mm clasts for 0.25 m, grades upwards to 80 mm.

38 3–60 mm. Bombs up to 17 cm, and few 50 cm. Black scoria.

37 Red scoria up to 60 mm. Bombs up to 25 cm.

36 Black scoria up to 30 mm.

35 10 mm avg clasts. 25 cm bombs. Scoria turning dark brown.

34 3–25 mm. Poorly sorted red scoria, well consolidated.

33 3–60 mm. Red scoria, well consolidated.

32 3–60 mm. Red scoria, well consolidated.

31 3 mm base for 0.25 m, then grades upwards to 60 mm.

30 3–40 mm, reverse graded. Red well consolidated scoria.

29 2 mm base, grading to 15 mm after 15cm then to 25 mm to top.
Few bombs up to 70 cm. Red scoria, well consolidated.

R4BD

21

20

22

23

24

25

26

27

28

29

28

29

30

31

32

33

34

35

40

39

38

37

36

41
42

R4BE

43

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batches
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LOCATION DATE NAME

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

60 5 mm–10 cm reverse graded. Bombs up to 17 cm.

59 4–50 mm reverse graded.

58 2 mm base, grades to 40 mm at 0.25 m, then grades to 10 cm at top. Bombs
up to 25 cm.

57 5–15 mm reverse graded.

56 10–10 cm. Bombs up to 0.25 m.

55 2–50 mm reverse graded.

54 1 mm base, grades to 10 mm, then to 80 mm.

53 5–10 mm. Bombs up to 0.5 m.

52 10–60 mm.

51 5 mm clasts. ~ 20 cm layer then un-loggable due to vegetation.

50 1–50 mm reverse graded. Bombs up to 0.6 m.

49 2 mm base, grades upwards into 0.25 m bombs at top.

48 1–40 mm reverse graded.

47 10 mm clasts. Few 0.25 m bombs.

46 10 cm layer of 2 mm clasts.

45 1–50 mm reverse graded. Bombs up to 20 cm.

44 1–50 mm reverse graded. Bombs up to 25 cm.

R4BF

31

30

32

33

34

35

36

37

38

44

45

46

47

48

49

50

51

52

39

53

54

55

56

57

58

59

60

R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

4 7

NW

PAGE . . . OF . . .

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batches
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LOCATION DATE NAME

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

76 3–80 mm reverse graded.

75 Ash–120 mm reverse graded.

74 Ash–20 mm reverse graded, then grades to 120 mm at top.

73 Ash–20 mm reverse graded.

72 2–80 mm reverse graded.

71 5–60 mm reverse graded.

70 3– 60 mm reverse graded.

69 1 mm–10 cm reverse graded. Bombs up to 17 cm.

68 1–40 mm reverse graded.

67 2–50 mm reverse graded.

66 5–60 mm reverse graded. 25 cm bombs.

65 2–140 mm reverse graded. Not well sorted. 55 cm bombs.

64 3–60 mm reverse graded. 46 cm bombs.

63 Ash–20 mm reverse graded.

62 Ash–4 mm — 10 cm layer.

61 2 mm–15 mm reverse graded.

41

40

42

43

44

45

46

47

48

61

49

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

5 7

NW

PAGE . . . OF . . .

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batches
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LOCATION DATE NAME PAGE . . .

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

88 Black scoria, stratified. 10 mm clasts, becomes oxidised to top.

87 4 mm–1 cm reverse graded. Many large bombs
scattered throughout 0.25–0.75 m. Red scoria.

86 1–90 mm reverse graded.  20 cm bombs at top.

85 5–10 mm reverse graded. Few 20 mm clasts.

84 3–100 mm reverse graded. 

83 3–60 mm reverse graded. 

82 3–60 mm reverse graded. 25 cm bombs.

81 3–60 mm reverse graded. 

80 4–100 mm reverse graded. 

79 3–60 mm reverse graded. 

78 3–60 mm reverse graded. 18 cm bombs.

77 10–60 mm reverse graded. 

51

50

52

53

54

55

56

57

58

76

77

78

79

80

81

82

83

84

85

86

87

88

59

R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

6 7OF . . .

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies BMagma batches
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LOCATION DATE NAME

SAMPLE
OR

PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

61

60
88

89 Oxidised surge deposit89

PAGE . . .

R4/5 26/7/2010
17/5/2011

Mt. Rouse, Penshurst. 
-37.8874 S, 142.3047 E

7 7OF . . .

P3
moderately to well sorted 
fine ash–coarse lapilli/
small blocks

Facies
BMagma batches

P4 cross-bedded
ash–lapilli
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LOCATION DATE NAME

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R3/1

SE

26/7/2010
17/5/2011

Mt Rouse, Penshurst. 
-37.89013 S, 142.30490 E

0

1

2

3

4

5

6

7

8

9

1

2

3

4

5

6
7

8

R3A

R3B
R3C

R3D 8 2 mm–10 mm reverse graded red scoria to base. At 1.25 m, grades to 20 mm. 
Tubular shaped clasts.

7 1–20 mm reverse graded red scoria.

6 1–10 mm reverse graded red scoria.

4-5 1–15 mm reverse graded red scoria. Repeated beds.

3 1 mm red scoria.

2 6–60 mm reverse graded scoria. Vesicular to the base and 6 mm, grading to
40 mm at the top (still vesicular), but as size increases at 150 mm the deposit contains
a large proportion of very dense clasts, which appear a little less oxidised than the
finer scoria. There are fragments of the rinds of broken breadcrust bombs in the top
layer. Occasional spatter bomb 0.4 m. Possible opening stages of eruption.

1 4–40 mm poorly sorted red scoria. Very different to overlying deposits. Contains 
abundant spattery clasts up to 50 cm.

P1
P2Facies CBMagma batches

well sorted fine 
ash–fine lapilli

moderately sorted bedded 
ash–lapilli–bombs
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LOCATION DATE NAME

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R3/1

SE

26/7/2010
17/5/2011

Mt Rouse, Penshurst. 
-37.89013 S, 142.30490 E

10

11

12

13

14

15

16

17

18

19

9

10
11

12

13

14

15

16

17
18

19

20

21

22

23

24-26

27

28

29-32
33

34
35

36

37

38

R3E
R3F
R3G
R3H

R3I

R3J
R3K
R3L

R3M

R3N

R3O

R3P

R3Q

39 1–30 mm reverse graded red scoria.

38 2–5 mm reverse graded black scoria.

37 1–15 mm black scoria, reverse graded to base.

36 1–15 mm no grading. Black scoria.

35 5–30 mm reverse graded red scoria.

34 3 mm bed of 1 mm red scoria clasts.

33 2 mm bed of 5 mm reverse graded red scoria.

29-32 - Repeating beds (29 = 25 mm, 30 = 35 mm, 31 = 40 mm, 32 = 60 mm).
Reverse grading of ash <1–5 mm clasts of red scoria.

28 1–20 mm no grading. Red scoria.

27 1–30 mm reverse graded red scoria. Clasts up to 10 cm throughout.
Bombs up to 18cm at base in places.

24-26 - Repeating beds (all 35 mm thick) of ash at the base (<1 mm) to 3 mm tops.
No sedimentary structures.

23 3–10 mm red scoria with no grading. Few 40-50 mm clasts.

22 1–5 mm red scoria with no grading.

21 2–10 mm reverse graded red scoria.

20 Ash–10 mm reverse graded red scoria.

19 1 mm–15 mm reverse graded at base, then poorly sorted. Red scoria.

18 Ash–5 mm reverse graded red scoria with high proportion of ash throughout.

16-17 Ash–5 mm reverse graded red scoria with high proportion of ash throughout.
Repeating beds.

14-15 1–10 mm reverse graded red scoria. Repeating beds.

13 Ash–5 mm reverse graded red scoria. Large proportion of ash throughout.

12 Ash–15 mm reverse graded red scoria. Grades to 15 mm scoria only in top 50 mm
and contains large proportion of ash throughout.

11 1 mm–15 mm reverse graded red scoria.

10 4 mm–10 mm reverse graded red scoria.

9 1 mm–20 mm reverse graded to base then poorly sorted. Red scoria.

38

39

R3R

P2Facies BMagma batcheswell sorted fine 
ash–fine lapilli
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LOCATION DATE NAME

STRUCTURE
SAMPLE

OR
PHOTO

0.
06

25
0.

12
5

0.
25

0.
5 1 2 4 64 12
8

25
6 Components, Texture,

Depositional Structure

DESCRIPTION & INTERPRETATION
Fragmentation, Depositional Processes,
Environmental Setting

Clay, silt, mud

Fine ash, tuff

Sand (0.0625-2)

Coarse ash, tuff (0.0625-2)

Pebble, conglomerate/breccia
Lapilli (2-64)

Cobble, conglomerate/breccia

Small blocks, bombs (64-256)

Boulder, conglomerate/breccia
Large blocks, bombs (>256)

VF F M C VC

R3/1

SE

26/7/2010
17/5/2011

Mt Rouse, Penshurst. 
-37.89013 S, 142.30490 E

20

21

22

23

24

25

26

27

28

29

40
41

42
43
44
45

46

47

47 Ash. Straight above the lava for ~3 m. At this location there are a variety of
clast sizes up to 6 mm. It looks poorly sorted and is consolidated due to the ash 
content. Larger clasts have rinds of ash at least 1 mm thick making them armoured
lapilli. At the top is 1.5 m of a soil horizon, almost black to the top 0.25 m and very dark
brown beneath. 

46 Lava. There are at least two flows. The base flow is ~0.25 m, and the flow on top
~1.5 m. The top flow is segregated from the bottom in places and there are lava
stalags on the base of the upper flow. Further along, the upper flow also splits like this.
The upper flow shows an excellent example of pahoehoe with toothpaste-like 
structures in large scale to the sides, and small-scale on the underside of the flow.

45 Oxidised surge, Pele’s hairs and tears but scarce. Correlates to surge in ORQ 
beneath lava.

44 1–30 mm reverse graded red scoria.

43 3–30 mm reverse graded red scoria.

42 Surge. 3–30 mm red scoria. Probably correlates to lower surges in ORQ.

41 3–10 mm reverse graded black scoria.

40 60 mm of exposed deposit. Black scoria clasts up to 60 mm.

P4C1

P3

cross-bedded
ash–lapilli
ash-rich armoured
lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5
Facies BA

Magma batches
lava
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Sample Latitude Longitude
MRV2 -37.87653 142.23471
MRV3 -37.91422 142.27173
MRV7 -38.05049 142.26695
MRV9 -38.03997 142.15905
MRV10 -37.95724 142.14194
MRV11 -38.395 142.24296
MRV12 -38.38245 142.18657
MRV13 -38.29484 142.16624
MRV16 -38.27724 142.18521
MRV17 -38.21723 142.22768
MRV18 -38.21633 142.22839
MRV21 -38.14764 142.29506
MRV24 -38.31514 142.10278
MRV27 -37.8794 142.32028
MRV28 -37.89422 142.29651
MRV30 -37.8794 142.32028

Lava sample locations.
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Level 1
(exposed by recent quarrying)

Eruption point Magma batch C

40 m

N

Level 2

Level 3
Map 1

Level 3
Map 2

Level 4 ENE

Level 4 NE

Level 4 SE

Log locations for the northern cone of Mt Rouse as exposed in the LK Quarry.
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LK Quarry Level 1 -37.883368 142.307315

WASTE

S
Fault

Inferred fault

P3

P2

Facies

C
Magma batch

well sorted fine 
ash–fine lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

LK-L1-1 LK-L1-2
LK-L1-7LK-L1-6

LK-L1-3
LK-L1-4LK-L1-5

Stratigraphic
Order
LK-L1-7
LK-L1-6
LK-L1-5
LK-L1-4
LK-L1-3
LK-L1-2
LK-L1-1
LK-L1-8

LK-L1-1
Massive bed 0.5 mm (coarse ash)–8 cm
Yellow scoria. Occasional larger grain and some bombs.
Well consolidated. No country rock.

LK-L1-2
Well-sorted finer grained layering of beds. Slight grading apparent but overall quite uniform.
The beds are due to differences in grainsize AND difference in colour — one or the other.
Coarsest layer 20 mm max with coarse ash. No country rock.

LK-L1-3
Bulk sample of ashy purple and yellow layers at the bottom of the fault.
More uniformally grained than at the right hand side of the fault (similar to the coarse
grained scorias though). Bedding defined by colour, which is continuous (before deposition).

LK-L1-4
Similar to the layer below but coarse bombs up to ~25 cm. All the scorias are yellow
with the occasional red clast, similar to LK-L1-1.
Took sample from the average bed - massive for ~1.5 m, then grades into a coarser
grained scoria fall.

LK-L1-8

LK-L1-5
Bulk sample of coarser-grained scoria above LK-L1-4.

LK-L1-6
Finer-grained scoria (relative to that above) at the bottom, which has small breadcrust 
bombs and the odd large dense bomb.
Groundmass quite uniform in grainsize. Massive bed, no internal layering. 
Clasts up to 70 mm.

LK-L1-7
Coarser scoria — massive bed, very poorly sorted with a lot of spattery clasts up to 80 mm.

LK-L1-8
Below the Level 1 panorama is a small outcrop near some scree piles.
Same layering apparent as LK-L1-1, then below yellow scoria.
Layer of massive poorly sorted, very coarse grained scoriaceous material with breadcrust
bombs up to 0.25 m and a coarse-ash matrix. 
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LK Quarry Level 2 -37.882169 142.307628

Soil Waste

syn-depositional faulting

Finer-grained scoria with distinct fine layering

P3

P2

P1
Facies

C
Magma batch

well sorted fine 
ash–fine lapilli

moderately sorted bedded 
ash–lapilli–bombs

ash-rich armoured
lapilli

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

P5

Coarse-grained scoria
with faint bedding

NE
Fault

Inferred fault

LK-L2-1

LK-L2-2

1 m
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LK Quarry Level 3 Map 1 -37.882921 142.306893

1

2

3

4
5

6

LK INT 1

Scree/waste

Scree/waste

Stratigraphic
Order
LK INT
LK MAP 1/5
LK MAP 1/4
LK MAP 1/3
LK MAP 1/2
LK MAP 1/1

patches of spatter and welded scoria in a matrix of
extremely poorly-sorted and locally welded scoria and ash

LK Map 1/1 LK Map 1/2 

LK Map 1/3 
(TS43)

LK Map1/4 
(GC 15)

LK Map1/5 

Magma Batch C

1 m

SE
C2 

P1
Facies

C
Magma batch

moderately sorted bedded 
ash–lapilli–bombs

discordant coherent 
basalt

INTWP1

Unconformity

Faint bedding

bedding
lost
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LK Quarry Level 3 Map 2 -37.882732 142.306511

Waste
Waste

Aggregate crusher

Quarry floor

Scree

Scree

P3P1
Facies

moderately sorted bedded 
ash–lapilli–bombs

moderately to well sorted 
fine ash–coarse lapilli/
small blocks

C
Magma batch

Large amount of spatter 

patches of spatter and welded scorias in matrix of
coarse scoria and ash

Unconfomity

WNW
1 m

LK-MAP2-1
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LK Quarry Level 4  NE -37.882161 142.306662

P1Facies
moderately sorted bedded 
ash–lapilli–bombs

Magma batch

patches of spatter in a matrix of
coarse scoria and ash

1 m

NE

FaultMagma Batch C
C2 discordant coherent 

basalt C 

Level 4 ENE Log

Dyke
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LK Quarry Level 4  ENE -37.882346 142.307160

Scree

Level 4 SE
Scree/waste

LK Map1/4 
(GC 15)

Scree/waste

LK Map1/4 
(GC 15)

1 m

C2 

P1
Facies

C
Magma batch

moderately sorted bedded 
ash–lapilli–bombs

discordant coherent 
basalt

Dyke

Scree

Scree

NE

LK-L4-3LK-L4-DYKE 1
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LK Quarry Level 4 SE -37.882774 142.307194

Scree Level 3Level 3  Map 1

Level 4 SE

1 m

SE
C2 

P1
Facies

C
Magma batch

moderately sorted bedded 
ash–lapilli–bombs

discordant coherent 
basalt

LK-L4-2 LK-L4-1
Scree/waste

patches of spatter and welded scoria in a matrix of
extremely poorly-sorted and locally welded scoria and ash

LK Map1/4 
(GC 15)

LK Map1/4 
(GC 15)
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Appendix 5
X-Ray Diffraction results.

XRD analysis, pure magnesite.
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Appendix 6
Major and trace geochemical data (raw) for Chapter 5.

See attached CD-ROM for normalised data.
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 MRV2 MRV9 MRV10 MRV11 MRV12 MRV13d MRV16 MRV24a MRV3 MRV7 MRV21 MRV17

Batch A A A A A A A A A A A A
SiO2 48.21 49.33 48.95 47.61 47.06 48.52 48.36 48.23 49.31 48.34 49.37 47.54
TiO2 2.22 2.08 2.07 2.22 2.30 2.14 1.95 1.93 2.19 2.27 2.01 2.02
Al2O3 14.38 13.83 14.17 14.10 13.89 13.73 13.48 13.77 13.69 13.29 13.64 13.42
Fe2O3* 12.41 11.57 12.00 12.40 12.59 12.04 12.15 11.85 11.48 11.85 11.60 11.89
MnO 0.17 0.14 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.16 0.15 0.16
MgO 7.57 8.71 8.31 9.33 9.37 9.28 10.15 9.90 9.33 9.96 9.07 9.68
CaO 8.60 8.67 8.83 8.98 8.97 8.84 8.74 8.92 8.77 8.81 8.77 8.94
Na2O 3.35 3.49 3.33 3.28 3.15 3.24 3.22 3.18 3.47 3.35 3.48 3.19
K2O 1.15 1.07 1.04 1.17 1.24 1.07 1.03 0.98 1.14 1.21 1.07 1.08
P2O5 0.42 0.38 0.38 0.46 0.46 0.41 0.38 0.36 0.41 0.46 0.37 0.40
Total  98.48 99.27 99.24 99.71 99.19 99.40 99.62 99.28 99.92 99.70 99.53 98.29
            
Mg# 58.69 63.68 61.73 63.67 63.42 64.23 66.06 66.06 65.44 66.19 64.56 65.48
            
V 179.00 176.00 180.00 185.00 185.00 183.67 168.00 169.00 173.00 178.00 166.00 182.00
Co 55.00 47.90 53.50 54.10 53.10 51.63 55.60 52.10 50.90 52.70 50.30 54.05
Ni 178.50 205.00 192.10 167.20 181.40 207.00 229.60 205.30 187.10 213.30 195.70 187.35
Cu 52.40 43.10 56.30 48.90 49.90 44.80 49.50 61.50 54.30 56.30 62.60 59.05
Zn 80.00 79.00 85.00 82.00 91.00 83.00 83.00 83.00 82.50 88.00 74.00 89.00
Ga 19.10 19.10 18.30 20.00 19.20 18.63 18.90 18.00 18.05 18.70 19.10 19.35
Rb 18.50 18.10 18.50 19.90 18.30 18.20 18.10 16.30 19.60 22.00 18.10 20.30
Sr 539.70 495.80 517.60 602.20 607.10 503.07 489.90 488.90 527.70 554.40 507.00 513.95
Y 21.00 19.10 21.20 19.60 20.70 20.10 17.80 17.40 19.05 18.50 20.20 19.50
Zr 144.80 127.20 132.60 164.90 169.80 138.43 124.30 120.20 139.05 139.10 119.00 135.30
Nb 29.10 25.50 25.40 31.20 31.90 27.33 24.90 23.70 28.50 30.50 25.30 27.70
Mo 0.90 0.70 2.00 0.80 0.90 0.80 0.80 1.00 0.70 0.90 0.80 0.75
Sn 1.00 1.00 1.00 2.00 2.00 1.33 1.00 1.00 2.00 1.00 1.00 1.50
Cs <0.1 <0.1 <0.1 0.20 <0.1 0.20 0.20 0.30 0.15 0.30 <0.1 0.40
Ba 372.00 295.00 311.00 278.00 321.00 294.00 263.00 255.00 309.50 327.00 307.00 302.00
La 25.70 17.60 19.60 22.00 23.40 18.77 17.30 16.40 18.75 20.30 18.30 19.35
Ce 42.10 36.60 37.90 46.80 48.50 38.27 36.60 35.20 39.10 42.90 34.50 40.90
Pr 5.87 4.54 4.72 5.70 5.93 4.93 4.49 4.21 4.76 5.25 4.30 4.91
Nd 25.40 19.40 20.10 24.50 23.90 20.97 19.30 17.60 20.95 22.70 18.40 20.90
Sm 5.49 4.65 4.58 5.22 5.24 4.74 4.19 4.23 4.77 4.95 4.28 4.61
Eu 1.92 1.69 1.70 1.85 1.87 1.68 1.58 1.53 1.68 1.75 1.62 1.65
Gd 5.68 4.93 5.00 5.38 5.32 5.04 4.59 4.28 4.96 5.13 4.58 4.91
Tb 0.83 0.73 0.76 0.78 0.81 0.77 0.70 0.67 0.75 0.72 0.72 0.74
Dy 4.44 4.06 4.01 3.99 4.05 3.92 3.68 3.57 3.83 3.70 3.55 3.89
Ho 0.84 0.70 0.76 0.73 0.75 0.73 0.67 0.64 0.70 0.68 0.66 0.69
Er 1.87 1.76 1.82 1.75 1.84 1.79 1.69 1.71 1.72 1.70 1.71 1.74
Tm 0.25 0.23 0.24 0.25 0.24 0.24 0.21 0.20 0.22 0.21 0.21 0.23
Yb 1.39 1.29 1.43 1.38 1.40 1.44 1.33 1.36 1.29 1.24 1.35 1.41
Lu 0.21 0.20 0.22 0.20 0.19 0.21 0.19 0.17 0.19 0.18 0.17 0.20
Hf 3.70 3.30 3.30 3.90 4.80 3.30 3.30 3.10 3.60 3.10 2.90 3.15
Ta 1.70 1.40 1.50 2.00 2.10 1.63 1.50 1.40 1.75 1.90 1.60 1.65
Pb 1.20 1.30 1.30 1.20 1.70 1.20 1.00 1.00 0.90 1.10 1.40 1.30
Th 2.70 2.00 2.70 2.70 3.60 2.70 2.60 2.60 2.45 2.80 2.50 2.45
U 0.60 0.30 0.40 0.50 0.50 0.60 0.60 0.60 0.50 0.70 0.30 0.75
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Appendix 6
 MRV18 MRV 27 MRV 28 MRV 30 SCrater R4I R4N_A SC1 SC2 R4H R4G R4AJ

Batch A A A A A A A A A B B B
SiO2 47.63 50.04 49.56 49.98 49.75 49.48 48.67 49.87 49.74 47.25 47.41 47.89
TiO2 2.31 2.13 2.10 2.29 2.00 2.21 2.18 2.08 2.13 2.35 2.33 2.33
Al2O3 14.39 13.80 13.95 14.33 13.78 13.58 14.17 13.87 14.14 13.80 14.05 13.95
Fe2O3* 11.85 11.60 11.65 12.03 11.54 11.32 12.67 11.84 11.84 12.37 12.29 12.11
MnO 0.14 0.15 0.15 0.17 0.15 0.15 0.16 0.16 0.17 0.16 0.16 0.16
MgO 7.93 9.14 9.30 7.28 9.88 9.04 9.35 9.52 8.84 8.92 8.89 8.78
CaO 9.23 8.86 8.95 8.72 8.92 8.83 8.87 8.69 8.64 8.24 8.40 8.16
Na2O 3.18 2.92 3.52 3.15 2.87 3.45 3.47 3.36 3.46 3.78 3.79 3.68
K2O 1.14 1.03 1.10 1.17 0.93 1.16 1.25 1.09 1.13 1.56 1.54 1.48
P2O5 0.45 0.37 0.39 0.40 0.35 0.41 0.48 0.39 0.41 0.64 0.62 0.60
Total  98.25 100.04 100.67 99.52 100.17 99.63 101.28 100.87 100.50 99.07 99.48 99.14
            
Mg# 60.92 64.73 65.03 65.28 58.50 66.60 63.22 65.19 63.49 62.68 62.76 62.81
            
V 201.00 169.44 158.92 180.48 168.83 177.00 185.40 172.20 179.50 174.47 173.00 169.08
Co 50.60 51.47 49.17 52.42 54.64 48.50 56.17 58.44 57.99 50.21 49.20 49.38
Ni 121.50 214.95 221.18 183.79 233.65 159.50 206.80 237.70 216.20 157.10 149.30 160.50
Cu 44.20 53.46 46.90 54.04 50.69 31.50 44.90 51.30 24.90 43.65 29.70 45.40
Zn 75.00 113.48 115.71 117.70 104.61 62.00 112.00 107.00 106.00 120.58 83.00 118.17
Ga 19.50 19.47 18.63 20.46 19.01 19.40 20.52 19.68 20.23 19.61 21.50 19.52
Rb 20.60 17.38 18.75 23.15 14.91 21.70 24.22 16.78 18.99 29.81 31.90 29.13
Sr 616.00 496.12 483.39 522.07 505.99 525.30 560.50 508.10 509.60 720.50 727.60 708.10
Y 21.30 20.97 19.85 23.23 19.54 18.60 21.68 20.54 20.47 24.78 22.50 24.16
Zr 177.40 156.05 147.28 170.87 149.68 146.90 183.00 160.00 159.00 255.51 228.40 244.33
Nb 32.60 28.87 29.93 33.08 26.27 25.40 33.29 26.32 27.10 52.67 45.10 49.04
Mo 1.20 1.27 1.84 1.00 0.90 1.00 2.47 0.85 1.43 3.18 1.50 3.02
Sn 2.00 1.83 2.09 1.61 2.26 2.00 1.82 1.64 1.75 3.33 2.00 2.91
Cs 0.30 0.09 0.10 0.12 0.03 0.30 0.40 0.04 0.06 0.46 0.50 0.44
Ba 287.00 293.45 306.59 379.64 262.03 275.00 294.80 289.50 315.50 335.67 346.00 336.35
La 24.20 18.24 18.45 22.59 16.60 18.00 25.62 19.77 22.57 40.51 33.80 38.49
Ce 50.00 37.02 37.43 42.55 34.35 37.40 52.61 39.65 41.80 74.67 70.20 73.28
Pr 6.13 4.71 4.73 5.49 4.40 4.69 6.42 5.08 5.63 8.65 8.33 8.46
Nd 25.10 20.28 20.02 23.20 18.95 20.20 27.08 22.27 23.68 34.64 33.00 33.75
Sm 5.40 5.05 4.94 5.64 4.73 4.96 6.18 5.40 5.79 7.65 6.77 7.59
Eu 1.94 1.79 1.73 1.97 1.70 1.66 2.09 1.91 2.04 2.40 2.34 2.38
Gd 5.56 5.06 4.94 5.66 4.76 4.92 5.85 5.43 5.72 6.87 6.44 6.76
Tb 0.83 0.75 0.73 0.83 0.71 0.76 0.85 0.79 0.81 1.00 0.93 1.00
Dy 4.35 4.00 3.85 4.38 3.75 3.92 4.76 4.36 4.60 5.27 4.77 5.22
Ho 0.77 0.74 0.70 0.79 0.69 0.69 0.85 0.78 0.81 0.97 0.87 0.97
Er 1.92 1.82 1.75 1.97 1.71 1.64 2.10 1.94 1.95 2.24 1.87 2.23
Tm 0.25 0.23 0.22 0.25 0.22 0.22 0.27 0.25 0.25 0.27 0.26 0.27
Yb 1.50 1.37 1.31 1.46 1.28 1.36 1.53 1.47 1.43 1.58 1.50 1.61
Lu 0.21 0.19 0.18 0.20 0.18 0.19 0.21 0.20 0.19 0.22 0.22 0.22
Hf 3.90 3.48 3.24 3.80 3.29 3.60 4.19 3.70 3.88 5.61 5.60 5.53
Ta 2.00 1.65 1.70 1.90 1.52 1.50 2.05 1.59 1.69 3.06 2.90 2.91
Pb 1.10 2.24 1.64 1.80 1.54 0.60 2.30 1.50 1.50 3.02 1.20 3.07
Th 2.60 2.29 2.38 2.67 2.15 2.60 3.00 2.30 2.39 4.56 4.90 4.55
U 0.80 0.21 0.20 0.24 0.30 0.60 0.85 0.19 0.35 1.23 1.40 1.22
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Appendix 6
 R4AH R4C R4F R4AP R4AM R4U R4T R3A R3H R4N_B SAT 1 SAT 2

Batch B B B B B B B B B B B B
SiO2 47.41 47.62 47.39 47.04 46.87 46.55 47.03 47.41 47.48 48.71 43.87 46.54
TiO2 2.33 2.40 2.38 2.42 2.49 2.46 2.49 2.44 2.33 2.19 2.75 2.74
Al2O3 13.87 13.99 13.92 13.93 14.07 14.13 14.10 14.16 14.12 14.08 13.75 14.30
Fe2O3* 12.34 12.20 12.16 12.36 12.23 12.36 12.38 12.56 12.44 12.47 12.20 12.68
MnO 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.16 0.16 0.16
MgO 8.81 8.68 8.79 8.71 8.45 8.47 8.50 8.62 8.81 8.75 7.16 8.33
CaO 8.20 8.19 8.23 8.22 8.19 8.31 8.20 8.17 8.24 8.24 7.51 8.08
Na2O 3.57 3.59 3.63 3.96 4.22 3.95 3.84 3.22 3.84 3.15 3.74 4.05
K2O 1.52 1.65 1.55 1.42 1.54 1.36 1.53 1.59 1.44 1.36 1.94 2.05
P2O5 0.64 0.66 0.65 0.70 0.72 0.70 0.72 0.65 0.61 0.58 0.87 0.84
Total  98.85 99.14 98.86 98.92 98.94 98.45 98.95 98.99 99.48 99.69 93.95 99.77
            
Mg# 62.45 62.37 62.74 62.14 61.68 61.48 61.53 61.52 62.26 62.04 57.75 60.48
            
V 169.28 171.00 174.00 164.00 163.58 162.00 167.00 155.13 169.95 170.50 161.68 161.37
Co 48.38 46.60 47.70 47.30 48.47 47.70 46.50 50.12 47.98 53.30 49.70 50.16
Ni 151.50 147.70 147.10 142.20 149.50 128.60 131.90 169.12 153.73 181.20 170.10 185.13
Cu 46.48 29.50 39.40 10.40 28.79 18.70 11.80 46.88 42.57 34.90 46.74 47.76
Zn 118.17 105.00 49.00 32.00 121.04 44.00 46.00 128.48 138.46 121.00 133.79 126.28
Ga 19.43 20.40 20.20 20.80 20.55 22.00 21.50 23.01 22.35 21.62 21.97 21.52
Rb 29.61 33.70 33.00 29.10 23.26 31.70 32.80 29.19 31.72 30.84 33.65 29.32
Sr 725.00 758.50 737.30 745.70 876.20 775.80 820.80 783.85 682.51 677.30 735.01 684.98
Y 25.39 22.50 22.60 23.00 25.70 22.80 24.10 27.83 26.95 24.20 26.06 25.62
Zr 252.34 244.50 235.60 249.60 285.05 254.30 262.80 306.35 285.79 245.00 287.46 255.20
Nb 50.42 49.10 47.50 51.10 61.38 51.40 55.30 63.45 58.49 45.19 58.34 51.57
Mo 3.05 2.50 0.90 0.50 3.51 1.00 1.00 2.93 4.19 2.92 3.17 2.14
Sn 2.95 2.00 2.00 2.00 3.09 2.00 2.00 2.04 2.77 2.15 2.16 2.35
Cs 0.45 0.60 0.60 0.50 0.43 0.70 0.50 0.40 0.50 0.49 0.46 0.40
Ba 336.16 367.00 357.00 379.00 420.44 395.00 403.00 414.18 380.48 330.40 383.82 346.77
La 39.54 36.60 36.30 37.90 46.88 38.80 40.10 44.39 40.69 36.65 40.76 36.44
Ce 74.48 75.10 72.50 77.00 88.25 77.60 83.00 88.13 80.99 72.24 81.27 72.25
Pr 8.66 8.91 8.68 8.96 10.13 9.26 9.77 10.54 9.69 8.64 9.65 8.71
Nd 34.29 35.40 34.90 37.00 39.68 37.60 40.70 42.03 38.74 35.45 38.48 35.17
Sm 7.73 7.19 7.01 7.22 8.63 7.49 7.77 8.78 8.19 7.60 8.11 7.53
Eu 2.43 2.36 2.33 2.42 2.68 2.40 2.47 2.83 2.66 2.53 2.65 2.47
Gd 6.92 6.50 6.67 6.73 7.76 6.76 6.99 8.21 7.73 6.93 7.59 7.07
Tb 1.03 0.97 0.95 0.98 1.11 0.98 1.00 1.12 1.06 0.99 1.04 0.98
Dy 5.33 4.86 4.47 4.74 5.66 4.99 5.03 5.65 5.41 5.30 5.31 5.07
Ho 0.99 0.88 0.85 0.88 1.03 0.84 0.88 0.99 0.95 0.94 0.92 0.90
Er 2.27 2.01 1.99 2.04 2.36 2.09 2.15 2.38 2.33 2.29 2.23 2.21
Tm 0.27 0.27 0.26 0.27 0.28 0.26 0.27 0.29 0.29 0.29 0.27 0.27
Yb 1.60 1.56 1.48 1.51 1.64 1.53 1.55 1.73 1.67 1.67 1.61 1.63
Lu 0.22 0.22 0.22 0.22 0.22 0.20 0.22 0.23 0.23 0.22 0.22 0.22
Hf 5.48 6.00 5.50 5.60 6.29 5.80 6.20 6.33 5.94 5.39 5.92 5.33
Ta 2.96 3.20 2.80 2.90 3.74 3.30 3.30 3.61 3.39 2.84 3.12 2.70
Pb 2.99 2.70 1.00 0.40 2.76 0.70 0.40 4.22 2.72 3.20 3.27 26.64
Th 4.64 4.90 5.20 5.40 5.49 5.20 5.70 5.42 5.02 4.34 4.99 4.50
U 1.23 1.30 1.20 1.50 1.46 1.40 1.40 1.31 1.36 1.18 1.40 1.16
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Appendix 6
 LK Sc N Cone LK Intr LB2 LK-L1-1 LK-L1-2 LK-L1-7 LK-L1-8 LK-L2-1 LK-L2-2 LKENT LK ENT2

Batch C C C C C C C C C C C C
SiO2 48.13 48.25 47.14 46.43 47.08 46.09 46.64 46.76 46.39 45.86 45.72 46.57
TiO2 2.44 2.24 2.15 2.47 2.69 2.67 2.61 2.69 2.65 2.54 2.75 2.62
Al2O3 14.51 14.15 13.59 14.35 14.77 14.47 14.58 14.50 14.51 13.89 14.29 14.39
Fe2O3* 12.79 12.52 12.38 12.47 13.08 12.88 12.69 12.94 12.75 12.25 12.76 12.64
MnO 0.16 0.16 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.17
MgO 7.56 9.28 10.68 8.33 6.83 6.60 8.27 7.29 8.35 8.38 8.13 8.27
CaO 7.94 8.81 9.17 8.05 8.17 8.14 7.40 7.91 8.13 7.35 7.87 7.92
Na2O 3.18 3.39 3.58 4.00 4.30 4.57 4.04 3.99 4.05 3.22 4.11 3.86
K2O 1.49 1.21 1.34 1.89 1.87 1.53 2.06 1.96 2.07 1.90 2.26 2.09
P2O5 0.65 0.46 0.47 0.78 0.89 0.88 0.85 0.88 0.88 0.80 0.90 0.86
Total  98.85 100.47 100.66 98.94 99.85 97.99 99.31 99.09 99.94 96.35 98.95 99.38
            
Mg# 57.93 63.32 66.77 60.88 54.88 54.41 60.29 56.75 60.40 61.44 59.75 60.38
            
V 146.04 163.41 133.26 166.40 162.00 163.80 169.80 163.90 170.30 149.10 168.60 164.40
Co 49.10 48.23 47.30 51.67 52.22 54.94 53.21 53.05 52.91 50.67 52.72 52.36
Ni 172.67 152.63 151.53 171.00 166.30 180.80 171.60 171.60 167.40 161.30 164.80 164.70
Cu 35.56 41.62 40.83 37.80 37.70 24.60 33.70 24.70 37.70 42.30 34.40 38.70
Zn 273.22 138.73 141.88 129.00 130.00 135.00 134.00 136.00 135.00 129.00 138.00 134.00
Ga 24.96 23.74 24.53 23.20 24.14 25.06 24.35 24.36 24.26 23.38 24.66 23.83
Rb 33.12 43.52 22.03 40.86 36.20 33.71 45.42 43.87 46.63 44.64 48.86 44.78
Sr 971.32 892.19 969.15 863.80 921.10 961.90 896.10 940.00 970.50 990.40 991.80 919.60
Y 28.88 28.66 28.33 26.83 27.64 27.96 27.20 27.81 27.80 26.36 27.72 27.27
Zr 394.55 354.68 385.68 317.00 353.00 365.00 350.00 356.00 364.00 346.00 369.00 337.00
Nb 71.69 77.15 76.23 64.08 71.11 73.34 70.46 71.63 71.80 68.60 76.40 70.21
Mo 10.06 3.60 2.88 4.20 4.27 4.03 4.38 3.92 4.50 3.83 4.53 4.12
Sn 8.02 10.50 2.79 2.37 2.68 2.76 2.76 2.78 2.76 2.62 2.86 2.59
Cs 0.51 0.73 0.70 0.63 0.51 0.61 0.69 0.60 0.68 0.64 0.71 0.69
Ba 564.66 503.72 554.75 453.70 501.90 523.90 513.10 525.60 555.30 487.10 558.50 509.90
La 58.43 53.25 56.87 51.63 56.43 56.98 54.97 57.61 57.11 54.88 59.43 55.31
Ce 115.65 105.18 112.78 99.74 110.28 110.03 106.36 111.20 111.42 106.04 115.30 107.28
Pr 13.55 12.49 13.36 11.99 13.41 13.45 12.88 13.26 13.24 12.67 13.97 12.86
Nd 53.05 49.32 52.26 47.78 52.26 53.58 50.52 53.29 52.38 50.36 54.78 51.39
Sm 10.71 10.03 10.49 9.63 10.66 10.81 10.33 10.83 10.73 10.31 11.12 10.34
Eu 3.39 3.20 3.32 3.16 3.40 3.46 3.34 3.45 3.38 3.25 3.53 3.30
Gd 9.59 9.14 9.54 8.41 9.19 9.05 8.94 8.97 9.07 8.61 9.23 8.99
Tb 1.26 1.20 1.24 1.14 1.24 1.20 1.19 1.22 1.21 1.15 1.25 1.19
Dy 6.15 5.99 6.04 6.16 6.50 6.43 6.24 6.53 6.45 6.18 6.49 6.29
Ho 1.04 1.03 1.01 1.03 1.09 1.08 1.06 1.08 1.08 1.03 1.09 1.06
Er 2.37 2.41 2.33 2.46 2.55 2.57 2.48 2.58 2.53 2.42 2.50 2.49
Tm 0.28 0.29 0.27 0.31 0.32 0.31 0.31 0.31 0.31 0.30 0.30 0.30
Yb 1.61 1.65 1.57 1.75 1.72 1.73 1.70 1.74 1.70 1.64 1.64 1.69
Lu 0.20 0.22 0.20 0.23 0.24 0.23 0.23 0.23 0.23 0.21 0.22 0.23
Hf 7.91 7.25 7.81 6.99 7.65 7.71 7.42 7.64 7.90 7.49 7.84 7.22
Ta 3.32 4.41 3.61 4.02 4.44 4.47 4.33 4.46 4.44 4.24 4.78 4.28
Pb 5.69 14.51 7.39 3.80 3.30 3.30 4.30 3.00 4.00 3.80 4.20 3.90
Th 7.20 6.42 7.04 6.01 6.59 6.63 6.43 6.58 6.53 6.35 6.93 6.44
U 1.86 1.73 1.83 1.67 1.80 1.71 1.78 1.74 1.78 1.67 1.90 1.75
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Appendix 6
 LK M1 1 LK M1 2 LK M1 3 LK M1 4 LK M1 5 LK-L4-1 LK-L4-2 LK-L4-3 LK M2-1 DYKE1 SPAT 

Batch C C C C C C C C C C C
SiO2 47.38 46.28 46.35 46.15 45.92 46.02 46.58 46.74 47.00 46.53 45.55 
TiO2 2.86 2.81 2.81 2.77 2.75 2.84 2.79 2.77 2.86 2.83 2.62 
Al2O3 15.06 14.54 14.56 14.46 14.39 14.27 14.56 14.46 14.91 14.35 13.86 
Fe2O3* 12.69 12.67 12.86 12.84 12.65 12.33 12.50 12.76 13.12 12.94 12.49 
MnO 0.17 0.16 0.17 0.17 0.16 0.16 0.16 0.16 0.17 0.16 0.18 
MgO 7.61 7.43 7.52 7.79 8.17 7.46 7.40 7.70 6.91 8.01 8.00 
CaO 7.75 7.56 7.86 7.88 7.87 7.56 7.50 7.51 8.14 7.86 7.71 
Na2O 3.63 5.16 3.79 4.65 3.87 4.00 4.70 4.26 4.59 4.64 3.04 
K2O 1.93 1.62 2.04 1.45 2.10 2.00 2.41 2.29 1.21 1.60 1.83 
P2O5 0.96 0.94 0.95 0.93 0.90 0.94 0.93 0.91 0.96 0.98 0.91 
Total  100.03 99.16 98.90 99.09 98.78 97.57 99.53 99.56 99.87 99.90 96.18 
            
Mg# 58.28 57.735 57.666 58.562 60.071 58.495 57.966 58.432 55.093 59.049 59.872 
            
V 142.50 150.3 144.6 151.4 157.6 145.6 145.4 142.8 138.4 158.2 154.2 
Co 51.84 50.92 51.23 56.82 53.3 51.21 49.68 51.41 52.69 52.72 52.58 
Ni 176.30 157.9 166.4 171.3 160.8 159.4 152.5 170 158.2 169.2 161.6 
Cu 7.00 25.2 30.2 37.5 40.6 29.3 55.6 27.3 26.1 38.9 37.4 
Zn 148.00 146 140 139 135 142 137 141 135 139 138 
Ga 26.15 25.64 24.78 24.95 24.09 25.6 25.52 25.13 25.09 24.98 23.22 
Rb 40.47 40.68 33.77 44.57 45.6 28.48 43.68 41.6 24.63 20.37 34.84 
Sr 1067.50 1070.5 1034.4 1009.2 936.2 1063.9 1039.1 1015.1 1020.2 1023.4 1068.1 
Y 27.03 26.8 27.73 27.72 26.82 26.68 26.14 25.48 27.6 27.5 29.03 
Zr 393.00 396 377 372 350 393 395 376 375 380 342 
Nb 83.03 82.96 78.914 78.044 72.431 82.263 81.708 78.76 79.163 78.653 69.207 
Mo 3.04 4.74 3.45 2.69 3.91 3.47 4.61 3.64 2.53 3.55 3.46 
Sn 2.90 3.05 2.97 3.65 2.99 2.78 2.77 2.78 2.9 2.93 3.81 
Cs 0.62 0.503 0.728 0.657 0.688 0.706 0.745 0.575 0.357 0.793 0.679 
Ba 601.40 598.3 574.8 569.8 547 603.5 588.5 576.8 578.6 579.4 598.6 
La 64.19 63.34 61.73 60.27 57.47 62.54 61.32 59.34 61.06 61.7 58.83 
Ce 123.35 121.52 119.54 118.52 113.1 119.81 118.8 115.83 120.89 119.67 111.04 
Pr 14.58 14.347 14.153 13.894 13.362 14.083 14.014 13.665 14.063 14.097 13.565 
Nd 57.50 56.67 56.6 55.08 53.07 55.33 55.28 53.9 56.47 56.31 54.26 
Sm 11.56 11.244 11.135 10.933 10.762 11.008 10.92 10.692 11.379 11.196 10.934 
Eu 3.61 3.61 3.557 3.465 3.428 3.525 3.491 3.426 3.659 3.574 3.521 
Gd 9.59 9.405 9.365 9.06 9.065 9.304 9.182 8.914 9.495 9.332 9.346 
Tb 1.26 1.255 1.244 1.218 1.21 1.216 1.197 1.180 1.284 1.246 1.243 
Dy 6.39 6.336 6.566 6.423 6.36 6.306 6.168 6.153 6.602 6.531 6.68 
Ho 1.06 1.045 1.076 1.065 1.057 1.029 1.01 0.998 1.088 1.075 1.117 
Er 2.40 2.404 2.485 2.46 2.463 2.362 2.298 2.303 2.546 2.533 2.723 
Tm 0.29 0.285 0.295 0.298 0.300 0.283 0.275 0.272 0.303 0.296 0.325 
Yb 1.54 1.526 1.633 1.646 1.637 1.512 1.448 1.454 1.655 1.589 1.799 
Lu 0.20 0.191 0.211 0.210 0.223 0.190 0.187 0.187 0.217 0.209 0.239 
Hf 8.46 8.39 8.11 7.83 7.62 8.29 8.25 7.99 8.1 7.97 7.42 
Ta 5.26 5.202 4.955 4.789 4.602 5.129 5.133 4.95 4.961 4.901 4.425 
Pb 3.60 3.1 5.5 3.7 3.8 4.6 7.3 3.4 2.9 3.9 8.4 
Th 7.70 7.621 7.195 7.001 6.685 7.489 7.558 7.346 7.289 7.076 6.606 
U 1.98 2.026 1.931 1.737 1.75 2.015 2.019 1.879 1.54 1.972 1.782 
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