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FRONTISPIECE: Sunset over Lyttelton Harbour 



A 
Cinder cones are common on Banks Peninsula and this study concentrates on eleven sites 
situated on the Lyttelton Volcano. The study focuses on the structure, petrology and 
geochemistry of cinder cones and discusses their eruptive history. 

Lyttelton volcanism began in the Miocene (10.8 Ma) with early eLl) activity centred near 
"Head of the Bay". Constant replenishment of the main chamber caused Ll lavas to be 
dominantly basaltic with limited differentiation. The developn:ent of a large cone resulted in 
distension which caused the development of horizontally fed radial dikes. Initial dike activity 
was low and lavas were dominantly fed from the central conduit with little flank activity. As' 
L I grew though, dikes became more common and so did cinder cone activity on the flanks. 
Cinder cones would have been fed by volatile rich magmas quickly reaching the surface via 
dikes and hence erupting explosively. The increase in dikes during Ll also caused the 
increasing development of more evolved magmas that fed lavas. Then during a quiescent 
period there was large-scale collapse of the eastern flank, followed by erosion and weathering 
of the L 1 volcanic edifice during which activity shifted north-east to "Charteris Bay". 
Renewed (L2) activity after the quiescent period gave rise to more evolved lavas due to the 
large increase in dike activity, caused by the large amounts of stress acting on the edifice. 
Hence cinder cone activity on the flanks was also very common. 

Cinder cone samples are dominated by phenocrysts of plagioclase, clinopyroxene, olivine and 
Ti-magnetite and show a wide range of mineral textures. This suggests that crystals have 
grown under a variety of temperatures and pressures and/or been derived from magmas of 
different compositions. Geochemically the cones are part of an alkaline basalt-hawaiite
mugearite-benmoreite-trachyte association. 

The deposits in this study are all inferred to have formed by Strombolian and Hawaiian type 
eruptions due to their small dispersal areas. These eruptions formed cinder cones whose 
morphology depended on numerous factors, all of which contributed to their overall 
development: In this study the deposits have been classified into four facies based on welding, 
dip direction, block and bomb size, colour and the presence or absence of some clasts. The 
Vent Facies consists of densely welded grey/black fused spatter and represents vent and early 
formed products. Vesicularity is <20% with outcrops resembling massive lava; occasionally, 
however, dips towards the vent region can be found, establishing an origin within the vent 
The Proximal Facies consists of>80% flattened clasts with deposits inferred to be welded due 
to their f1attened nature. Spatter flows are common in the facies due to the rapid accumulation 
of spatter and its flowage. The Medial Facies consist of crudely bedded bomb, block and 
lapilli beds. Clasts are undeformed and non-welded. The Distal Facies consist of lapilli, ash, 
and crystals. Rare bombs occasionally occur and the deposits are generally well sorted and 
bedded. Overall, throughout each of the facies, clast size and welding decreases with 
increasing distance from the vent area. 
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pter ne 

ROD 

"In examining the nature of the rocks of which the 5)lstem under consideration 

is composed, we find with the exception of a small zone at the head of Lytte/ton 

Harbour, the whole is composed of volcanic rocks; that the deep indentations 

are ancient crater walls, so-called calderas, into which a channel with 

precipitous walls, the barranco, leads; and that they consist of a series of lava

streams, with agglomerates consisting of scoriae, lap ill i, ashes, and tufas 

interstratified 1,vith them." "The ashes, scoriae, and lapilli that were first 

thrown out formed agglomerate beds, then came streams of viscid basaltic lava 

pouring out and down the slopes of the remnant of the cone cooling in the 

ascent, or, as they flowed over the lip of the crater and passed over cold 

ground, converting the layer of soil or exposed agglomerate bed into laterite, a 

brick coloured rock. " 

Sir Julius von Haast describes the features of the Lyttelton Volcano in 1879. 

1.1 PURPOSE AND COPE OF STUDY 

"Little detailed attention has hitherto been paid to the pyroclastic deposits of Lyttelton 

Volcano. Nevertheless, thick deposits of scoriaceous material are very common, and 

probably represent cones ,built along radial fissures caused by radial dike activity" (Shelley 

1992). The aim of this study is therefore to better understand the distribution of cinder 

cones on Lyttelton Volcano and how their size and shape may be related to mechanisms of 

eruption. To achieve this, geological mapping of previously known cinder cones and new 

cinder cones was undertaken, along with the collection of selected samples for 

petrographic and geochemical analysis. 



CHAPTER ONE, Introduction 2 

1.2 LOCATION AND HISTORY 

Banks Peninsula forms a 1200 km2 promontory on the central East Coast of the South 

Island, New Zealand, at latitude 43 0 40'S, longitude 172 0 45'E (Figure 1.1). The peninsula 

was named by Captain James Cook, who in 1770 sailed along the coast of the South Island 

in the ship Endeavour. Cook mistook the landmass from 15 km out to sea for an island, and 

called it "Banks Island" after the expedition's botanist Sir Joseph Banks, Lyttelton 

Volcano is named after the Port of Lyttelton, which is in turp- named after Lord Lyttelton 

of Hagley Park, Chairman of the Canterbury Association (lfaast 1948). 

The Maori name for the Peninsula is Te Pataka a Te Rakaihautu or "the storehouse of 

Rakaihautu", While the name for the Port Hills is Te Whakatakanga 0 Te Ngarehu 0 

Tamatea Pokai Whenua or "the place where Tamatea Pokai Whenua left ashes of the fire 

he brought" (Brown & Weeber 1992). 

Due to the scarcity of nearby timber, and the proximity to Banks Peninsula, early 

Christchurch builders took advantage of the numerous varieties of volcanic rocks available 

(Hayward 1987). One of the rocks commonly favoured due to its red colouration and ease 

of working, was the "Port Hills Tuff'. However, due to its pyroclastic origin, the stone 

would fritter badly and often leaked when exposed to the weather. Neveliheless the stone 

can be seen around Christchurch and was used in the Towers of the Provincial Buildings 

(1861), Queen Victoria Diamond Jubilee clock tower (1897), the Information Technology 

Services Building at the University of Canterbury, and in numerous fences around the city. 

The major 'quarries of this stone were located at Redcliffs, Sumner and near Lyttelton 

Harbour (Brown & Weeber 1992). 

1.3 TOPOGRAPHY AND STUDY AREA 

Banks Peninsula comprises two Late Miocene stratovolcanoes, Lyttelton (in the north

west) and Akaroa (in the south-east). Originally an island, Banks Peninsula has been 

connected to the South Island by alluvial gravels deposited during extensive glaciation 

over 2.0 Ma from the Southern Alps (Sewell et at. 1992). The original heights above sea 

level of the two volcanoes has been estimated at 1500 m (Weaver & Smith 1989) and 2000 

~ 2500 m (Shelley 1992) for Lyttelton and 1800111 for Akaroa (Weaver & Smith 1989). 
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The eroded and flooded craters of the Lyttelton and Akaroa volcanoes are the principle 

landforms. Within the basins, the crater rims and walls are the dominant features, while on 

the outer flanks, rolling to steep hills created from lava f1ows, radiate out to the sea. These 

lava flows are dissected by a series of very steep-sided nanow-bottomed valleys. 

The study looks at eleven sites of pyroclastic deposits located on Lyttelton Volcano. The 

study areas are located in a semi-circular fashion, and all occur between 200 m and 500 m 

above current sea level (Figure 1.2). Areas are located either on the inside of the crater wall 

or outsidc on the flanks of dissected valleys. 

1,4 VEGETATION AND GEOLOGICAL EXPOSURE 

During the volcanic activity on the Banks Peninsula vegetation had a foothold on the land 

and with the cessation of activity, continuous vegetation developed on the fertile basaltic 

and locssic surface (Anon 1990). By the time humans first set foot on the Banks Peninsula 

1000 years ago, forest would have been virtually covered thc whole peninsula (Cox et a1. 

1994). The only exceptions would have been very steep, exposed sites (at all altitudes but 

very limited in extent) and areas too water logged to support trees. The landscape, ' ' 

however, changed quickly with many generations of Maori and Pakeha use, with tussock 

now common, after the previous vegetation was burned off to clear the way for farming 

(Anon 1990). 

Early vegetation would have been podocarp forest, denscst in the alluvial valleys. 

Vegetation patterns, however, varied according to altitude, aspect, soils and proximity to 

the coast (Cox et a1. 1994). Less than 1 % of the original forest cover remains, mainly in the 

form of scenic reserves, ~lthough significant remnants and individual forest trees remain 

on private land. Scrub may be second or even third generation, often consisting of species 

such as manuka, kanuka, fivefinger, Coprosma species, Fuchsia and often exotic weeds 

such as gorse and broom (Anon 1990). 

The bcst rock exposure on the peninsula is found at the top of the crater rim on the inside 

of the 'caldera' walls, which are dominated by steep rocky outcrops. Exposure below the 
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Figure 1.2. Location of study sites and general geology of northern Banks Peninsula (geology after Sewellet al. 1992, Slaughter 1995, and Neumayr 1998). 
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caldera walls becomes progressively poorer with decreasing altitude, except at sea level 

where exposure is best within the tidal zone and sea cliffs. The gently sloping quaquaversal 

spurs and ridges provide few outcrops, especially on northern slopes where thick loess 

mantles the landscape. However, where valleys cut the spurs outcrops can usually be found 

on the vaUey walls. 

1.5 GEOLOGICAL SETTING 

The geological evolution of Banks Peninsula is well summarised and accounts are given in 

Weaver & Sewell (1986), Sewell et a1. (1988), Weaver & Smith (1989), Sewell & Weaver 

(1990), Sewell et a1. (1992) and Neumayr (1998). The distribution of the geological units is 

shown in Figure 1.2, with lithological and stratigraphic details for the Late Miocene 

outlined in Table 1.1. The following is a brief review of the previous authors. 

The volcanoes were constructed on a basement high, possibly due to large scale regional 

faulting of basement rock. The oldest unit in the basement is the Torlesse Supergroup, a 

slightly metamorphosed, complexly deformed, sedimentary greywacke and argillite of Late 

Triassic age (230-205 Ma) (Thiele 1983, Sewell 1985). The first volcanic activity on the 

peninsula produced andesitic and rhyolitic lava flows, domes, crumble breccia, and 

explosive ignimbrite of the Mount Somers Volcanics Group. This initial volcanic activity 

occurred in the Late Cretaceous (~80 Ma), in Gebbies and McQueens Valleys. Ancient 

scree slopes and erosion during this time produced sediments known as the Gebbies Pass 

'plant beds', which were deposited in lakes that lay among the lava domes. Continued 

erosion lead to the deposition of the Eyre Group and Burnt Hill Group, both consisting of 

siliceous and volcanic-derived sedimentary rocks deposited on a shallow marine shelf. 

The Allandale Rhyolite and Governors Bay Andesite represent the next volcanic period 

and were erupted as rhyolite and dacite domes and lava flows about 10.8 Ma. They 

immediately underlie Lyttelton lavas and hence arc thought to represent initial mantle

derived Lyttelton melts, which have interacted substantially with continental crust (Weaver 

& Sewell 1986). 
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The development of the Lyttelton Volcanic Group occurred between 11.0 and 9.7 Ma 

(Figure I.3A), which is composed of basalt, hawaiite, mugearite, benmoreite and trachyte 

lava flows, with interbedded sediments and pyroclastic deposits. Dikes were emplaced 

throughout the history of the volcano and occur in a radial fashion, ranging in composition 

from basalt to trachyte. The Lyttelton Volcanic Group can be divided into two main 

eruptive phases, which are commonly known as the Lyttelton I (Ll) and Lyttelton 2 (L2 or 

Mount Pleasant Formation). LI eruptive activity centred on the Head of the Bay (11.0 -

10.4 Ma) with a shift in activity to the north-east, forming a second centre (L2) on 

Charteris Bay (10.4 9.7 Ma) (Figure 1.3B). The boundary between LI and L2 was 

defined by Neumayr (1998) as occurring between a lahar that he traced from below the 

Tors to just past the Lyttelton Township. He also divided the L2 phase into L2a and L2b 

based on further lahars that outcrop on the Summit Road between Mount Cavendish and 

Castle Rock. These lahars represent quiescence and were caused by erosion of the outer 

slopes. Following the activity on Lyttelton, erosion into the edifice caused deep excavation 

of the crater with breeches opening to the south-east (near what are now Mt Herbert and 

Port Levy), and possibly to the south-west (now Gebbies Pass). 

The Mount Herbert Volcanic Group represents a shift in activity from the L2 centre to the 

south, and comprises mildly alkaline hawaiite, mugearite, and basalt dikes, plugs, lava 

flows, and epiclastic and pyroclastic deposits. Activity occurred on the south flanks of the 

Lyttelton Volcano between 9.5 and 8.3 Ma and in the eroded crater (Figure 1.3C). A lake 

developed on the floor of the crater that drained through the breech in the south-east, which 

was infilled by alkalic lavas and pyroclastics between 9.1 and 8.6 Ma (Figure 1.3D). 

Activity continued to migrate south and activity between the Akaroa and Mt Herbert 

Volcanic occurred simultaneously (Figure 1.3E). Initial activity of Akaroa Volcano 

commenced with the eruption of the Tikao Trachyte dome, which was then overlain by 

alkaline basalt to trachyte lavas and intrusive rocks, tuffs, agglomerates and parasitic 

cinder cones. Akaroa activity ranged from 9.1 - 8.0 Ma and was centred on the Onawe 

Peninsula, based on the outcropping of plutonic rocks (eg Gabbro and Syenite) that are 

thought to represent magma which crystallised deep in the feeder pipe (Figure l.3F). 
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A 11.0-10.4 Ma. Construction of main cone ofLytteIton Volcano (LytteIton I) by rocks 
ofLyttelton Volcanic Group. Minor strombolian flank activity. 

B 10.4-9.7 Ma. Shift in focus of activity to LytteIton 2 centre, accompanied by eruption 
of Mount Pleasant Formation lavas onto northern and southwestern flanks of the 
volcano from loca] vents . Crater area breached in the southeast during final stages of 
eruption. 

C 9.5-9.1 Ma. Deep excavation of Lyttelton Volcano by erosion. Eruption of Mount 
Herbert Volcanic Group lavas within breached sector of Lyttelton crater area, and 
formation oflake on the crater floor. Development ofvolcanicIastic deposits in lake. 

D 9.1-8.6 Ma. Further eruptions of Mount Herbert lavas from vents close to breach in 
crater waH of the Lyttelton Volcano, and from Port Levy. Emplacement of oldest part 
of Akaroa Volcanic Group (Tikao Trachyte Dome), and construction of main cone of 
the Akaroa Volcano. 

E 8.6-8.3 Ma. Continued eruption of Mount Herbert Volcanic Group from vents near 
Mount Herbert. Further extrusion of Akaroa Group lavas from fissure vents in the 
vicinity of Mount Sinclair and Mount Fitzgearld, 

F 8.3-8.0 Ma. Final eruptions of Mount Herbert Volcanic Group. New breach in 
LytteIton crater area opens along Gebbies Pass. Eruption of late phase Akaroa 
Volcanic Group lavas from central cone of Akaroa Volcano. 

G 8.1-7.3 Ma. Eruption of "Church-type" lavas on flanks and floor of eroded Lyttelton 
crater. Breach in crater waH to form main channel along which LytteIton Harbour 
develops. Excavation of Akaroa Volcano. 

H 7.0-5.8 Ma. Eruption of Diamond Harbour Volcanic group lavas from numerous 
monogenetic cones on flanks of both LytteIton and Akaroa volcanoes, and into 
eroded Lyttelton crater area. 

Figure 1.3. Diagrams illustrating the history of Miocene volcanism on Banks Peninsula. Note not to scale, with colour key given in Table 1.1 (after Sewell et al. 1992). 
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N ear the end of the formation of Akaroa Volcano, new eruptions of basanitoid to basalt, 

known as the "Church type" lavas, occurred in the area of the present Lyttelton Harbour 

(Figure 1.3G). These rocks are thought to represent the transition between the Akaroa 

Volcanic Group and the later Diamond Harbour Group. They erupted from vents in the 

upper Kaituna Valley, within the eroded Lyttelton crater towards Quail Island, and from 

vents south of Charteris Bay between 8.1 and 7.3 Ma. From about 8.0 Ma the Lyttelton 

Harbour was also being drained suggesting that a new breach had developed at the site of 

the present harbour entrance. 

The last phase of volcanic activity occurred between 7.0 - 5.8 Ma with the eruption of the 

Diamond Harbour Volcanic Group, consisting of lava flows and volcanic plugs that range 

in composition from basanite to hawaiite, with rare nephelinite. The Diamond Harbour 

Volcanic Group lavas form valley infillings and flat sheets that were erupted from a 

number of vents mainly within the crater of Lyttelton Volcano, with isolated patches on 

Akaroa Volcano (Figure l.3G).The group also forms a well known 5 km long dip-slope 

that dips northward from Mount Herbert. 

Post-volcanic geology consists of alluvial gravels and sands deposited over approximately 

the last 2 Ma which, as mentioned earlier, were responsible for joining "Banks Island" to 

the mainland. The Lyttelton and Akaroa volcanic centres were also severely eroded 

producing a radial drainage pattern, and have been invaded by the sea to fOlm Lyttelton 

and Akaroa Harbours. During the glacial periods, silt-sized glacial 'flour' was also 

transported, and deposited by north-west winds producing an extensive mantle of loess 

covering much of Banks Peninsula. Deposits are thickest on the lower north facing slopes 

and have been the focus of many engineering geology investigations (eg. Bell 1978, Yetton 

1986). 

1.6 TECTONIC SETTING 

Prior to the Cretaceous, New Zealand was located on the eastem side of Gondwana under a 

compressional regime, which peaked in the Rangitata Orogeny (Bradshaw et a1. 1981). In 

the Late Cretaceous there was a period of extension and major rifting during which the 

Tasman Sea opened and New Zealand became separated from Gondwana (Sewell & 
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Gibson 1988). The Early Tertiary on southern continental New Zealand is thought to have 

been a period of relative tectonic quiescence. Renewed tectonism in the Late Eocene -

Oligocene was marked by gentle warping and local basin subsidence, thought to be related 

to extensional tectonics, also causing widespread alkalic to tholeiitic volcanism in the 

Canterbury region (Sewell et al. 1988). In the Early Miocene there ,was a change to 

compressional tectonics (The Kaikoura Orogeny) with uplift in the west and an increase in 

sedimentation in the east, and the onset of alkalic to tholeiitic volcanism throughout the 

South Island, including Banks Peninsula (Adams 1981). 

Since the end of volcanism, Banks Peninsula has commonly been thought to have been 

differentially subsiding. However, in a study of shore platforms on the northern flanks and 

southwestern flanks, Bal (1997) found that these contemporaneous features had been 

relatively stable for at least the last 120,000 years. He therefore concluded that Banks 

Peninsula has been tectonically stable since the mid-late Quaternary. 

1.7 PREVIOUS WORK 

Work on Banks Peninsula first began in the late 1800's by Haast (1860, 1879), Hutton 

(1885), Marshall (1893), and continued into the early 1900's with Speight (1908, 1917, 

1924,1940,1944). These early workers recognised that the Lyttelton and Akaroa Harbours 

had been the eruptive centres during the development of Banks Peninsula, but generally . 
they had a poor understanding of the stratigraphy and the exact eruptive centres. 

Oborn & Suggate (1959) continued with Speight's idea of the Mount Herbert Volcanics 

being a separate group (due to their lighter colour and more alkaline character). Ligett & 

Gregg (1965) produced a geological map that distinguished the Diamond Harbour 

volcanics from the Lyttelton and Akaroa volcanics. Stipp and McDougall (1968), using 

KlAr geochronology, later confirmed this stratigraphy. 

Most of the recent work on Banks Peninsula has been done in the form of University of 

Canterbury unpublished theses and research projects (eg. Dorsey 1981, Falloon 1982, 

Sewell 1985, Shearer 1986, Dorsey 1989, Altaye 1989, Johnston 1990, Hobden 1990, 

Hibberd 1994, Mckenzie 1995, Slaughter 1995, Neumayr 1998, Guard 1999). There have 
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also been engineering geological and geophysical studies on the problems of 'tunnel 

gullies' and the stability ofloess (eg Jones 1997, Harrison 1999). However, Sewell (1985, 

1988) was the first to 'grasp' and define the Miocene stratigraphy, with numerous other 

papers (eg Weaver 1980, Shelley 1985a, 1987,1988, Weaver et al. 1985, Weaver & Sewell 

1986, Weaver & Smith 1989 and Sewell et al. 1992) on dikes, chemical characteristics and 

the evolution of Banks Peninsula. However the above reports only briefly mention or 

describe pyroclastic deposits (Figure 1.4), and only Jolmston (1990) fully focused on 

pyroclastics, in the Pigeon Bay - Port Levy area of Akaroa. 

1.8 EARCH METHODS 

Preliminary fieldwork involved investigating possible field sites over two weeks in early 

December(1997). After initial field investigations, eleven sites were selected, based on the 

amount of exposure and accessibility, and also due to their location so as to give a wide 

variety of possible samples and to see if there was any variation in between sites. Once 

located, aerial photographs were used to map the sites (see Appendix 1 for air photo list 

and methods). Mapping took approximately 5 weeks from January to February 1998, and 

over 150 samples were collected, and many photos taken. A second period of fieldwork 

took place during December and January 1998/1999 and continued for approximately two . 

weeks. During this time additional samples were collected, more photos taken, and maps 

drafted over the winter were tidied up and completed. Sample collection focused on . 
pyroclastic material, dikes, and sUlTounding lava flows. 73 pyroclastic samples were then 

selected for thin section analysis and 112 dike, lava and pyroclastic samples were selected 

for geochemistry. From the analysis of samples and interpretation of field deposits, along 

with a discussion of relevant literature on mechanisms and deposits, a model for the 

generation of cinder cone eruptions on Lyttelton Volcano has been developed. 
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Figure 1.4. Location of previous studies on Lyttelton relevant to this study (map after Sewell et al. 1992) 
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C apter Two 

DES RIPTION 

1 INTRODUCTION 

Pyroclastic rocks are composed of fragments that originate from explosive volcanic 

eruptions or form as a direct consequence of the eruption. Cinder cones are a direct 

consequence of Hawaiian and Strombolian eruptions and are dominantly composed of 

pyroclastic material C except for flank lava or spatter flows). The aim of this chapter is to 

describe the selected pyroclastic deposits that occur on the Lyttelton Volcano. 

Classification of pyroclastic deposits is covered first followed by site descriptions of each 

area. 

2.2 CLASSIFICATION OF PYROCLASTIC DEPOSITS 

Cas & Wright (1987) suggest that to describe pyroclastic deposits, two systems are needed. 

Firstly a genetic classification is needed to interpret the genesis of deposits, which can then 

be related to the history, eruptive pattem and mechanisms of the volcano or volcanic 

terrain. Secondly a lithological classification is needed, describing and documenting the 

major characteristics of a deposit, such as grainsize and constituent fragments. 

2.2.1 Genetic Classification 

The aim of a genetic classification is to deduce the origin of a pyroclastic deposit. Overall 

there are three types of deposit; pyroclastic surge, flow and fall deposits. Since cinder 

cones are built primarily by the falling of pyroclasts, only fall deposits are discussed in this 

section. 

Walker (1973) was the first to describe and classify explosive volcanic eruptions producing 

pyroclastic fall deposits and he produced a classification based on characteristics of fall 

deposits in the field. This involved two parameters: dispersal CD) and fragmentation index 

or degree of fragmentation of the deposit CF). It was later amended by Wright et a1. (1980) 

and the amended version is given in Figure 2.1. Such a classification scheme relies heavily 
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Table 2.1. Grain size limits for proven pyroclastic fragments and pyroclastic aggregates (after 
Fisher 1961 & 1966, Walker 1973). 
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on granulometry and therefore only works on very young and well exposed deposits. It is 

difficult to apply to lithified deposits like those on Lyttelton Volcano. All the deposits in 

this study however are classed as Hawaiian to Strombolian due to their small dispersal 

areas (all :s; 1 krn2
). 

2.2.2 Lithological Classification 

There are three main bases needed for a lithological classification. 

1. Grain size. The grainsize limits of pyroclastic fragmelits, are based on schemes by 

Fisher (1961, 1966). The distribution of the overall grainsize can also be important in 

distinguishing different types of deposits (Table 2.1). 

2. Constituent fragments. There are three kinds of pyroclasts or components that make up 

pyroclastic deposits: 

1. Juvenile fragments. These represent samples of the erupting magma, and 

may be partially crystallised, or noncrystallised, depending on the pre-eruptive 

history of the magma. They include both scoria and spatter, where scoria is 

defined as "vesiculated basaltic fragments produced by explosive eruptions". 

The term spatter is used to describe coherent lumps of hot and fluidaL magma, 

and can also be used as a collective term for fused material. IndividuaLc1asts of 

spatter can also accumulate in large enough amounts to produce flows called. 

'spatter flows'. Fragments that are ejected for longer distances cool and retain 

their inf1ight shape, and are called bombs. The term 'bomb' is defined as "a 

pyroclastic fragment larger than 64 mm that is viscous (wholly or partly) when 

,ejected" (Macdonald 1972). A summary and description of the main types of 

bombs is given in Table 2.2, with illustrations given in Figure 2.2 and these 

terms will be adopted in this study. 

11. Oystals. Free crystals and angular fragments of crystals are released during 

the explosive disruption and breakage of porphyritic magmas and juvenile 

fragments, and form a discrete juvenile component from the vesiculated and 

non-vesiculated magmatic fragments in the pyroclastic deposit. 

IJl Lithic ji'agments. These are the dense components in a pyroclastic deposit 

of which there arc two types in a fall deposit, cognate and accessory 
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Table 2.2. A list of the different types and mechanisms for formation of volcanic bombs 
and lapilli, after Tsuya (1941), Brady & Webb (1943), Walker & Croasdale (1972), 
Macdonald (1967, 1972), Francis (1973), Williams & McBirney (1979), Cas & Wright 
(1987). 

[ Pancake/ cowdung/ cmvpat bombs. Ca~~ed by smaliblobs of very fluid magma that have low 
I f1i;ht times and little cooling before emplacement, consequently causing them to flatten on 

1m act. 
.. - ... 

Ribbon bombs. Caused by molten lava being ejected in long strings or ribbons. Commonly the 
· ribbons are still sufficiently plastic to bend or twist on impact, and some ribbon bombs are 
! looped and twisted. Short segments of ribbons occur when they break on impact and are 
! sometimes referred to as cylindrical bombs. Ribbon and cylindrical bombs are generally 
marked by more or less continuous ridges or flutings parallel to their lengths. 
Spheroidal bombs. Caused by low viscosity magma that has a sufficiently low surface tension 

· causin~ the bombs to be drawn into shapes approaching spheres. 
Almond! spindle/fusiform bombs. Viscous blebs are only partly drawn into a spherical shape 
and remain elongate causing almond/ spindle/ fusiform bombs. Some of them have been 
ejected by independent blobs while others come from broken up ribbon bombs. If from the 
middle of the ribbon they have two 'ears' on each side caused by the separation of the ribbon 
and these.are called bipolar. Ifthey come from the ends of the ribbon then they will only have 
one ear and are therefore called unipolar. The actual rotation of bombs through the air does 
not create the shape (as first thought) although twisting of the ears can occur by rotation 
through the air. Bombs however may have a smooth leading edge (stoss side) and rough 
following (lee si~e) edge. 
Cored bombs. Are formed by the wrapping of solid nuclei in liquid lava or by re-ejecting 
falling cinders out of the vent again. Cored bombs may. have any of the extemal features 
mentioned above. 
Breadcrust bombs. Are notably less abundant among basaltic than among more silicic rocks. 
They are formed by continued vesiculation and swelling of the core after the outer skin has .. 

· become too ngld to stretch. 
Pele's hair and Pele 's tears (achneliths). Finely spun glass threads (Pele 's hai'~ are produced 
by explo:"ions of gas-rich, extremely fluid basaltic lava fountains. Liquid droplets may be 
drawn into threads up to 2 m or more in length, that may drift in the wind for distances of 15 

· kilometres .. Other liquid droplets, measuring a few millimetres across, chill quickly to glass 
i beads with pendent threads (Pele 's (ears or achneliths)). 

i 
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Figure 2.2. Sketches and cross sections of bombs (Macdonald 1972). A) bipolar fusiform bomb 
. with stoss side at bottom and lee side at top; B) cross section of A, showing drawing of skin 
toward lee side by air resistance during flight; C) unipolar fusiform bomb; D) almond-shaped 
bomb; E) cross section ofD; F) cross section of bomb with broad equatorial fin; G) cylindrical 
ribbon bomb; H) cross section of 0; J) cross section of cow-dung bomb; K) cow-dung bomb. 
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lithics. Cognate are non-vesiculated juvenile magmatic fragments (blocks), and 

accessory lithics are country rock fragments that have been ejected during an 

eruption. 

3. Welding. Cas & Wright (1987) give a definition of welding as "the sintering together 

of hot, glassy fragments, irrespective of shape and size, under the influence of a 

compactional lithostatic load. They go on to explain that "during welding the glassy 

fragments deform plastically, producing a bedding parallel fabric of flattened, elongate 

large pumice fragments (fiamme) and glass shards, known as eutaxtic texture". Cas & 

Wright (1987) restrict the use of the term' agglutination' to describing the process of 

deformation and sintering of air-fall pyroclasts when they impact on an accumulating 

bed. Flattening is caused by the momentum of the falling pyroclasts, thus distinct from 

welding. When interpreting older deposits the distinction between welding and 

agglutination is difficult because of the need· to decide whether lithostatic loading is 

involved. Jolmston (1990) preferred to use the term welding for "any sintering 

together of pyroclastic material" and this usage will also be applied in this study. 

J oh11ston (1990) also found that modern pyroclastic welding terms are difficult to 

apply to old deposits due to· post-eruption alteration. The devitrification of. glass, 

alteration to clays, and secondary deposition of minerals" within the· vesicles and 

between the clasts, leads to post-eruption lithification of much of the material. 

Therefore making it sometimes impossible to distinguish between cohesion produced 

by welding or secondary processes. Johnston (1990) in his study used the degree of 

flattening to make inferences into the degree of welding and this approach is also used 

in this study. The deposits are divided into three types; 

1. Non-flattened. Pyroclastic deposits with undeformed clasts. 

II. Welded. Deposits in which all or some pyroclasts are flattened out. 

III. Densely welded. Pyroclasts totally fused together and shapes are unrecognisable. 

2.3 FACIES DESCRIPTIONS 

The deposits that make up cinder cones can be classed into four gradational lithofacies, 

based on variations in welding, dip direction, block size, colour and the presence or 

absence of some clasts. Boundaries for each facies are drawn as sharp contacts on maps, 

but are gradational in the field. The following general descriptions are based on criteria 

used in other studies on similar areas (eg. Guest (1982) for Mt Etna, Houghton & 
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Schmincke (1989) for Rothenburg, Brown (1990) for Taupo, Johnston (1990), and 

Johnston et al. (1997) for Akaroa, Hibberd (1994), Slaughter (1995), and Mckenzie (1995) 

for Lytteiton), and will continue to be used throughout the text to describe similar deposits 

in the study areas. Clast size in all descriptions refers to the length of the longest axis in 

elongate bombs, or the diameter in spherical bombs and lapiJJi. 

Vent facies: The facies is characterised by grey-black densely welded spatter and rare 

scoria fragments. In places these deposits can have the appearance of lava and may 

have dip directions inward toward the eruption centre. 

Proximal jacies (outer wall): The facies is welded, consisting of red, red-brown and grey, 

nonl1attened and flattened bombs. Flattened bombs range in size from 50 - 80 em 

in length, although some blocks and bombs can reach up to 3 m. The facies lack the 

characteristic ash layers of typical medial and distal facies, but usually has 

rheomorphic ('spatter') flows. The proportion of non-flattened to flattened bombs 

varies and the facies is defined as having> 20% l1attened bombs. 

Medial facies (outer wall): The facies consists of weakly bedded to massive ash, lapilli, 

bombs and blocks. Bombs and blocks up to 20 cm dominate with rare bombs 

ranging up to 2 m. The colour ranges from red to red-brown with deposits 

. sometimes crudely bedded (20 - 30°) and dipping away from the eruption centre. 

Sorting is generally poor but thin bands of similar sized lapilli can occasionally be 

found. Pyroclasts are undeformed and are therefore inferred to be non-welded . . 
Distal facies (outer wall): The facies is distinguishable from the medial facies by its finer 

bedding and a dominant lapilli and ash sized fraction, better sorting and yellow to 

brown colour. Beds again dip (15 - 25°) away from the eruption centre and clasts 

are again undefomled and therefore inferred to be non-welded. Irregular clast 

shapes are most common, but some spindle and ribbon bombs and angular blocks 

are present. 
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2.4 SITE DESCRIPTIONS 

2.4.1 Southern Mount Cavendish 

Pyroclastic deposits cover 0.8 km2 of the area (Figure 2.3) and are well exposed. Distal 

deposits outcrop on the eastern edge of the exposure and consist of well sorted, bedded 

(15 0 E) lapilli and ash (Figure 2AA), with rare bombs up to 10 cm. Medial deposits 

outcrop at the northern and western margins of the area, with average bomb and block size 

decreasing away from the vent (~60 - 10 cm). Medial deposits consist of fusiform, round 

and spindle bombs and blocks (Figure 2.4B), set in a finer lapilli and ash matrix which are 

crudely bedded (~300) in places (Figure 2AC) (Appendix 2A). Along the base of the 

exposure the medial deposits grade into proximal deposits with a decrease in blocks and 

well-shaped bombs to more spatter and flattened clasts. Proximal deposits grade into the 

vent facies, with a complete loss of clast preservation causing an appearance like lava in 

places (Figure 2AD). Vent material is very densely welded and from a distance appears 

highly fractured and jointed. Proximal deposits are 'cavernous' in appearance with medial 

and distal deposits weakly bedded. The exposure thins out both east and west with 

overlying lavas onlapping the cone. A small dike (l m wide) located in the medial deposits 

appears related to the pyroclastics due to it striking towards the eruption centre, and 

probably represents a late stage feature. The eruption centre is located in the centre of the 

exposure, at the edge of the vent deposits, based on outcrop patterns and dips in the area 

(Figure 2 .. 3). 

2.4.2 Northern Mount Cavendish 

Pyroclastic deposits cover an elongate area of 0.6 km2 with outcrops found predominantly 

below the road (Figure ~.5). Distal deposits are found at the northeastern edge of the 

exposure (Figure 2.6A), and are bedded (2r E), very well sorted, ash-rich and lapilli-poor. 

Distal deposits grade into medial deposits directly below this outcrop, which is bedded 

(2r E), and contains fusiform and spindle bombs « 15 cm) set in a finer matrix. Medial 

deposits outcropping in the south, consist of similar material, with dips (~200) that define a 

radial pattem (Figure 2.5). At the outer margin of this southem exposure deposits start to 

become distal, with a decrease in clast size (Figure 2.6B). Proximal deposits dominate the 

area, which are 'cavernous' and made up of flattened bombs and spatter that range in size 
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Figure 2.4A. Distallapilli and ash deposits, bedded and well sorted. 

Figure 2.4C. Well bedded bombs and blocks. 

Figure 2.4B. Medial deposits, a mixture of large and small bombs (fusiform, 
. .. and round). and blocks. set in a finer matrix. O'~ 

Figure 2.4D. Vent deposits, consisting of densely welded spatter. 
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of L2a and L2b lavas based on Neumayr (1998). 



Figure 2.6A. Distal deposits, very well sorted and bedded ash material. 

Figure 2.6C. Proximal deposits, welded spatter and flattened bombs. 

Figure 2.6B. Outer medial material, unsorted lapilli, with occasional bombs. 

Figure 2.6D. Thick welded spatter flow at the northern end of the area. 
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up to 30 em (Figure 2.6C). Interbedded between the proximal deposits are four spatter 

flows that range in length between 40-300 m and are up to 5 m thick (Figure 2.6D) 

(Appendix 2B). The area is cut by seven dikes that range in thickness between 0.3-3 m, 

and vary in strike from between 195°-205°. Due to the elongate nature of the deposits in 

the area, and the large extent of proximal deposits, initial eruptions were located along a 

fissure. The fissure would have been located about 60 m from the limit of exposure, due to 

the proximity of the many spatter flows, and oriented sub-parallel to the dikes exposed at 

the site. Evidence for the fissure is provided on a small saddle where an elongate densely 

welded deposit outcrops and is interpreted as vent material (Figure 2.5). However, as 

eruptions proceeded, activity became localised in the south as shown by the alTangement of 

dips (Figure 2.5). 

2.4.3 Castle Rock 

A trachyte-benmoreite dome dominates the Castle Rock area with the pyroclastic deposits 

located on the western side (Figure 2.7). No pyroclastic material is exposed on the eastern 

side due to large amounts of fallen blocks and bush cover. No distal or vent deposits 

outcrop in the area, which is elongate and covers an area of 0.2 km2
• Medial deposits at the 

southern end consist of predominantly smal1« 0.15 em) bombs, set in a crudely bedded 

(240 SE) fine lapilli and ash matrix, with occasional flattened bombs « 1 0 em). The 

deposits grade northwards into proximal deposits with flattened bombs and blocks that 

range between 5 - 30 em (Figure 2.8A), with rare large round bombs up to 45 em. Heading . 
north, the dominant material changes from pyroclastics to a thick spatter flow (~8 m), that 

is covered by proximal deposits. The spatter flow can be traced for 130 m and is underlain 

by a thin band of pyroclastics that is made up of rare flattened bombs « 3 0 em) and 

dominated by lapilli and ash. Along the base of the spatter flow, gradations and relatively 

sharp boundaries are seen with underlying pyroclastics (Figure 2.8B) (Appendix 2C). The 

flow is thickest on the west-side of Castle Rock thim1ing towards the north where it dips 

25 0 north-east (Figure 2.8C). At the north end the pyroclastics become much finer grained 

and contain flattened clasts (15 - 45 em) that are light grey (benmoreitic clasts) (Figure 

2.8D). The eruption centre is difficult to locate with only two dips crudely defining a 

circular shape, however it would have been located about 50111 to the west of the exposure 
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Figure 2.7. Distribution of pyroclastic units in the Castle Rock area (geology after Fitzgerald (1991) and Neumayr (1998) , 



Figure 2.8A. Proximal deposits with spatter and flattened bombs dominating. 

Figure 2.8e. Spatter flow at the northern end, thinning and dipping towards 
thenorthat25°. 

Figure 2.8D. Pyroclastic material at the northern end of the area, note the 
mingling of the benmoreite clasts from the dome structure. 
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(Figure 2.7). Eruption type was more effusive than explosive, creating a large spatter flow 

with little pyroclastics. Late stage interaction with the trachyte-benmoreite activity is 

evident with the presence of benmoreitic material in the pyroclastics. 

2.4.4 Witch Hill Scenic Reserve 

Pyroclastic deposits are exposed in two areas that are separated by a small valley and cover 

a total area of 0.5 km2 (Figure 2.9). Distal deposits are only exposed at the northwestern 

limit of the area and are weakly bedded (20 0 NW), composed of fine ash, lapilli and 

crystals (Figure 2.10A). Medial deposits are found at the northeastern and southeastern 

edges, consisting of round bombs and blocks (30 cm) (Appendix 2D). Rare large bombs 

ranging up to 3 m (FiJ:,'1lre 2.10B) are found at the top of medial deposits which are in 

places crudely bedded (22 0 SE). The proximal deposits contain flattened and non-flattened 

bombs that range up to 30 cm (Figure 2.l0C) and are 'cavernous' (Figure 2.10D). A small 

spatter'flow outcrops in the proximal deposits and dips at 25 0 to the north-east The vent 

deposits are exposed in a small area on the western central edge and are black and densely 

welded. The area is cut by one dike that may be related to the pyroclastic activity due to its 

proximity to the vent material. The eruption centre here is not well exposed but can be 

inferred by dip directions and outcrop pattern, and would have been located approximately, 

50 m to the west of the vent deposits (Figure 2.9). 

2.4.5 Hoon Hay Park 

Hoan 'Hay Park 1 

Pyroclastic deposits outcrop in a small area (0.09 km2
) above the track, with only medial 

deposits exposed (Figure 2.11). The deposits pinch out to the east but are not seen in the 

west due to extensive dense bush. However, rare fallen blocks on the track and a red 

discolouration suggest that the deposits also pinch out to the west. Outer medial material is 

found at the northern edge of exposure (Figure 2.12A) and consists of yellow, bedded (23 a 

N) bombs (15 cm) and lapilli. To the west deposits change into an orange bomb-dominated 

unit with bomb layers cnldely bedded in places (22 0 NW). Bombs vary in fonn with 

fusiform, flattened and round shapes, with an average size of about 25 cm (Figure 2.12B) 

(Appendix 2E). A dike (3 m wide) cuts the deposits and appears related to pyroclastic 
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Figure 2.10A. Distal material found at the northwestern edge, bedded and Figure 2.1 OB. Large block at the top of the medial facies . 
sorted ash material. 
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Figure 2.10C. Proximal material, flattened bombs and spatter. Figure 2.10D. Cavernous weathering in the proximal facies. 
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Figure 2.12A. Outer medial deposits, bedded, and well sorted, consisting 
dominantly oflapilli with rare bombs up to IS cm. 
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Figure 2.12C. Bedded outer medial deposits. Note the contrast between the 
weathered area (yellow, due to de vitrification) and fresher area (orange). 

Figure 2.12B. Medial deposits, round bombs dominant (top left), with 
occasional flattened bombs (ieftofhammer). 

Figure 2.12D. Cavernous weathering in the proximal facies. 
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activity as it strikes toward the inferred vent area. The emption centre is difficult to locate, 

but would have probably been about 100 m to the south-east based on the dips in the area 

(Figure 2.11). 

Hoon Hay Park 2 

Pyroclastic deposits outcrop in a small area (0.11 km2
) approximately, 100 m north of 

Hoon Hay Park 1 (Figure 2.11). Bedded (24 0 NW) outer medial deposits outcrop at the 

northwestern edge of the area (Figure 2.l2C) with average bomb size increasing down the 

exposure from 10 - 20 cm. Proximal deposits outcrop in a 'cavernous' area below the 

medial deposits, located just above the track (Figure 2.12D) and consist of flattened bombs 

and spatter that range in size up to 30 cm (Appendix 2E). The deposits thin towards the 

north and disappear near where the track splits. A small lava flow cuts through the medial 

deposits and is thought to be syn-eruptive. A large dike truncates the deposits and forms a 

steep cliff, but was emplaced after the pyroclastic activity. The eruption centre is difficult 

to locate but would have probably been about 100 m to the south, based on the two dips in 

the area. Due to the proximity of Hoon Hay Park 1 and 2 it seems likely that these cones 

represent a polygenetic cone that was built over possibly two separate eruptive phases 

(Figure 2.11). 

2.4.6 Northern Gibraltar Rock 

The area was mapped and described by Hibberd (1994) with pyroclastic deposits covering 

an area eof approximately 0.5 km2 (Figure 2.13). Medial deposits dominate the area, 

consisting <?f crudely bedded (defining a radial pattern), blocks and bombs (20 - 100 cm in 

thickness), with average size decreasing from the vent (60 - <10 cm) (Figure 2.14A&B) 

(Appendix 2F). Dark grey proximal material occurs in isolated outcrops and consists of 

welded and flattened clasts (Figure 2.14C). Proximal deposits grade into vent deposits with 

an increase in welding causing clasts to become totally fused and unrecognisable (Figure 

2.14D).Hibberd (1994) noted that most of the eastern margin was capped by a spatter 

flow, however, geochemical analysis has revealed it is trachytic and hence unrelated to 

pyroclastic activity (see Section 4.2.1). There are several dikes in the area of which three 

strike toward the inferred vent region (Figure 2.13), and maybe related to pyroclastic 
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Figure 2.13. Distribution of pyroclastic units and general geology in the Northern Gibraltar Rock area. 
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Figure 2.14A. Bedded outer medial deposits . 

Figure 2.14C. Near vent proximal deposits, clasts still recognisable but 
becoming densely welded. 

Figure 2.14B. Close up of Figure 2.l4A, consisting dominantly of small 
bombs and lapilli. 
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activity. The eruption centre is located in the centre of the deposits based on outcrop 

patterns and dips in the area. A mugearite plug exposed in the centre of the vent area in a 

deeply eroded gully is interpreted to have fed deposits (Figure 2.13). 

2.4.7 Southern Gibraltar Rock 

The pyroclastic deposits of this area were mapped by Hibberd (1994), however due to poor 

exposure were not fully described as Northern Gibraltar Rock. Hibberd's (1994) 

interpretation was that pyroclastics outcropped in a circular area of 0.5 km2 (Figure 2.15) 

with only distal and inner rim (due to inward dips) deposits present. Caution needs to be 

applied to this description as both dips appear to have been caused by secondary processes 

(eg. erosion). The exposure 0 f the deposits was also found to be less extensive and isolated 

to one valley side (eg. 0.25 km2
) due to extensive dense vegetation. It would appear that 

Hibberd (1994) based his distribution on the assumption that the area was similar to the 

Northern Gibraltar Rock site, with the vent located very near the inward dipping dips. 

However medial deposits occur all along the southern side of the valley and at the 

southeastern edge consists of bedded (19 0 SE) lapilli and ash with occasional bombs up to 

15 cm. At the top of a small cliff in the middle of the area, bombs (10- 30 cm) are set in a 

finer lapilli and ash matrix (Figure 2.16A). Proximal deposits are poorly exposed but can 

be seen at the bottom of the cliff as flattened bombs and spatter (Figure 2.16B) (Appendix 

2G). A spatter flow is also found amongst the proximal deposits that dips 30° to the east 

(Figure 2.l6C). Outcrop of the vent facies is isolated but is seen to grade from the proximal 

facies, with a increase in densely welded massive black spatter (Figure 2.16D). Four dikes, 

ranging in width from 0.4-2 m, cut the area of which three may be related as they strike 

towards the inferred vent region. The inferred eruption centre is located near the northern 

edge of the vent deposits based on outcrop patterns and dips in the area (Figure 2.15). 

2.4.8 Southern Mount Evans 

The pyroclastic deposits were mapped and described by Mckenzie (1995) and cover an 

area of 1 km2 (Figure 2.17). No vent or distal deposits outcrop in the area, which are 

dominated by medial deposits consisting of crudely bedded (-~24° SE) bombs (fusiform & 

round) and block beds set in a finer matrix. Bombs up to 1m are found near the vent with 

< 10 cm found nearer the road. Proximal deposits are found at the northern edge and are 
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well exposed in a long open cave (Appendix 2H). Deposits in the cave consist dominantly 

of flattened and non-flattened bombs set in a finer matrix (Figure 2.18A). Rare bombs 

range in shape from almond, fusifOlm, cylindrical and round, with one bomb reaching up 

to 4 m (Figure 2.18B). The deposits here differ fi'om all the other areas due to the large 

exposure down the dip slope of the outer wall facies (proximal to outer medial) exposing 

several spatter flows (Figure 2.18C&D). Numerous dikes cut the area, of which many 

appear directly related to the pyroclastics as they radiate from the inferred vent area. The 

eruptive centre is not preserved but is probably located about 300 m to the west of the area, 

based on the strike of dikes, and outcrop and dip patterns (Figure 2.17). 

2.4.9 Northern Mount Evans 1 

The area was mapped and the pyroclastic deposits described by Slaughter (1995). The 

deposits cover an area of 0.8 km2 with all facies exposed (Figure 2.19). Distal deposits 

occur at the southern extent of the area and consist of yellow, bedded (19° SW), well 

sorted, lapilli and ash (Figure 2.20A). Medial deposits outcrop extensively over the area, 

and consist of a mixture of bedded (24°S) bombs and blocks in a crystal and lapilli matrix 

(Figure 2.20B) (Appendix 21). Proximal deposits consist of flattened bombs and spatter 

dominating over spherical bombs and blocks. Proximal deposits grade into the vent 

deposits which are capped by a spatter flow (5 m thick) that dips to the south-east (Figure 

2.20C). Vent deposits are densely welded and have the appearance of lava. Three dikes cut 

the area <;;f which only one is possibly related to the pyroclastic activity due to its proximity 

to the vent. Slaughter (1995) placed the eruption centre and vent area near the northern 

limit of exposure, however this is incorrect as shown by the inward dipping vent facies 

(Figure 2.20D). Therefore the eruption centre is thought to be 100 m to the south of 

Slaughter's (1995) vent (~igure 2.19). 

2.4.10 Northern Mount Evans 2 

This area was mapped by Slaughter (1995) but the pyroclastics were not described. The 

deposits cover an area of 0.7 km2 and are located above a thick lava flow that creates a 

steep sided gully (Figure 2.21). Exposure is limited with most of the central region eroded 

out. Distal deposits are numerous in the southeast and consist of a yellowish, well-bedded 

(20 - 25° SE), well-sorted, lapilli, crystal, and ash unit that has rare bombs ranging in size 



Figure 2.18:\. Proximal depos its. spatter and Ilallcilcd bombs dominating. 

Figure 2.18C. Spatter 00\\ 5 capping the top of the proximal deposi ts. 

Figure 2.18B. Very large bomb. approximately 2m long and -1m \\ide. round in 
'imal dCDosit s. 

Figure 2.180. Close up of the spatter fl o\' in figure 2. 18C. 
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Figure 2.19 Distribution of pyroclastic units and general geology in the Northern Mount Evans 1 area. Distribution of L2a and L2b lavas based on Slaughter (1995) . 
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Figure 2.20A. Distal de pos its. bedded anu well so rted . composed Llomi naJ1ll~ 
llfash clI1dlapi lli . 
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Figure 2.20C. Spatter nO\\ capping pro:-: imnl ucposits . 

Figure 2. 20B. Medial deposits composed of bombs « I 
matrix oC laoi ll i and small en 'slal s ( I - . 

Figure 2.20 0 . Vent de pos it s. Ll ar" grey. dense l: we lded and dipp ing inl\ ard 
to\\·a rds the infe rred l elll area. 
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c umts and general geology in the Northern Mount Evans 2 area. Distribution of Lyttelton 2a and 2b lavas based on Slaughter (1995). 
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up to 25 em (Figures 2.22A-C). Medial deposits dominate the area and are best exposed in 

a small gully in the central southern region where they are seen to unconformably overlie 

an aphyric lava (Figure 2.22D) (Appendix 2J). The pyroclastics, that are in contact with the 

underlying lava are fine grained, but quickly grade upwards into a massive unit dominated 

by bombs (20 - 40 em) in a fine matrix of crystals, lapilli and ash. Medial deposits in other 

parts are massive, consisting of bombs « 50 em) set in a finer matrix. On the western side, 

deposits consist of welded spatter that grades upwards into medial bomb and block 

deposits that are poorly exposed. The area is cut by five dikes, of which only the three in 

the north maybe related to the pyroclastic activity due to their strike toward the inferred 

vent region. No vent facies are found in the area but an eruption centre can be inferred by 

dip directions and outcrop pattern (Figure 2.21). 

2.4.11 Northern Mount Evans 3 

This area was also mapped by Slaughter (1995) but the deposits were not described. 

Slaughter (1995) had the deposits occurring over an area of 0.5 km2 but this study suggests 

the area is much smaller and confined to 0.25 km2 (Figure 2.23). Medial deposits are rarely 

exposed but when seen are well bedded (21 0 SE) and composed of bombs and blocks (~30 

cm) in a finer matrix (Figure 2.24A). At the outer limit of the medial facies, deposits are 

dominated by coarse ash and lapilli (Figure 2.24B). The proximal deposits have a 

'cavernous' weathering pattern (Figure 2.24C), and are composed of small-flattened clasts 

in a finer matrix containing pyroxene crystals (Apendix 2K). A small spatter flow is . 
exposed in the proximal facies that dips 290 to the south (Figure 2.24D). The vent facies is 

poorly exp?sed due to extensive tussock cover, but has been inferred based on dip 

directions and limited outcrops. Small dikes throughout the deposits are inferred to have 

been fed from the cone, due to they strike towards the inferred vent area. Viewed from the 

north the deposits have an overall dip to the northeast, suggesting the vent area was located 

to the west (Figure 2.23). 



Figure 2.22A. Distal deposits, consisting of lapilli, and small plagioclase 
crystals (\ 

• 
Figure 2.22B. A distinctly fine ash bed in the distal facies . 

Figure 2.221>. Medial deposits mantling the underlying aphyric lava. 
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Figure 2.24A. Medial deposits, elongate ribbon bomb set in a finer matrix. 

w, 

Figure 2.24C. Cavernous weathering in the proximal facies. 

Figure 2.24B. Outer medial deposits, lapilli and ash dominating over bombs. 

Figure 2.24D. Small spatter flow in the proximal facies. 
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apter 

PETRO RAPHY AND MIN lOGY 

3,1 INTRODUCTION 

Previous studies of the Lyttelton Volcano have generally ignored the petrographic features 

of cinder cones. Only 3 bombs and 3 tuff samples have been analysed petrographically by 

previous workers (Table 3.1) who mention cinder cones in their areas (eg. Coates 1976, 

Sewell 1985, Shearer 1986, Altaye 1989, Hibberd 1994, Slaughter 1995, and Mckenzie 

1995). In this study seventy-seven thin sections were examined: 31 from bombs, 16 from 

proximal samples, 7 from vent areas, 8 from spatter flows, and 15 from distal and medial 

matrix material. Samples were collected from all the studied cones with sample type 

dependent on exposure (see Appendix 3 for sample list). Petrographic analysis was 

completed with a standard Zeiss polarising microscope using the terminology of Shelley 

(1985b, 1993). Full petrographic descriptions are given in Appendix 4A. Estimation of 

phenocryst and microphenocryst volume percentages was carried out visually, but an 

estimation of groundmass component was hampered by the extremely fine grained nature 

of crystals ( cryptocrystalline), as well by staining and/or alteration. As a consequence, 

some estimates for groundmass phases simply indicate which mineral occurs in greater . 
quantities than others. 

All samples contain vesicles, of which percentage estimates were made visually. Nine 

slides were also re-cut and remounted with a blue epoxy resin. The blue stained slides were 

then scanned in at 300dpi and imported into and analysed by an 'Image Tool' (see 

Appendix 4B for full description of methods). This allowed the vesicle percentage to be, 

determined more accurately, giving a comparison for visual estimates, and the results arc 

shown in Appendix 4C. The blue stained slides were selected from the vent, proximal and 

medial facies. Distal facies could not be evaluated by this technique due to the high amount 

of secondary mineralisation filling the vesicles. 
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List of samples and type of analysis carried out by previous workers on 
Lyttelton. 

Dike cutting cone 26976A 19b 

Mckenzie (1995) 1 2 samples Dike cutting cone 27043A CM43 
Dike cutting cone 27037A CM32 
Spatter Flow 27039A CM18 
Bomb CM53 

Hibberd (1994) 2 3 samples Dike feeding cone 26319A 181 
Bomb 26321A 238 
Gabbro xenolith 26323A 252 

Altaye (1989) 3 5 samples Crystal lithic tuff M36B3205 
Crystal lithic tuff M36B5751 
Crystal lithic tuff 
Crystal lithic tuff 
Crystal lithic tuff 

Shearer (1986) 1 samples Distal tuff C 

Sewell (1985) 3 o samples 

Coates (1976) 5 Horizons o samples 
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The anorthite content of plagioclase was determined usmg the Michel-Levy method 

described in Shelley (1985b). Olivine composition was estimated in low birefringent 

sections, using 2V angles. Note that 'iron oxides' refers to unidentified opaque minerals, 

probably Ti-magnetite. 

2P ROGRAP OF INDER CONE FACI 

Except in the groundmass, there is little petrographic variation between the facies of cinder 

cones or between the different sites. The groundmass of distal and medial matrix material 

consists dominantly of devitrified glass while crystals dominate in the other facies. 

Groundmass texture variation is discussed next with phenocryst properties and textures 

discussed in the Mineralogy Section 3.3. Another variation between facies is in the amount 

and shape of vesicles in the different facies and this will be discussed in Section 3.4. 

3.2.1 Distal Facies 

Seven samples were collected from the distal facies at Southern Mount Cavendish, 

Northern Mount Cavendish, Witch Hill Scenic Reserve, and Northern Mount Evans 1 & 2. 

A yellow to orange hypocrystalline, vitrophyric groundmass dominates all samples. The 

groundmass is composed largely of devitrified glass with rare areas of unaltered glass 

sunounding small plagioclase microphenocrysts (hyalopilitic) (Figure 3 .lA), Ti-magnetite, 

clinopyroxene and olivine. Olivine is usually completely altered to iddingsite. 

The glass occurs in two forms 1) sideromelane, which is isotropic, transparent and usually 

yellow-orange in colour, and 2) tachylite that is opaque and partly crystalline (Figure 3.1B) 

(Fisher & Schmincke 1984, Heiken & Wohletz 1985). Tachylite forms angular lapilli 

fragments in samples SMC900, SMC901, SMC902, EN27 and ENll, which under high 

magnification near the edges can be seen to be made up of abundant Fe-Ti oxide crystals 

that cause its opacity. The plagioclase laths inside the lapilli are orientated in a sub

trachytic to trachytic texture, which also rarely contain olivine and clinopyroxene crystals. 

Due to the partly crystalline nature of tachylite, it is more resistant to weathering than 

sideromelane and forms coherent black 'islands' in an orange groundmass. Sideromelane 

alters to palagonite, a mixture of zeolites and smectite clays (Fisher & Schmincke 1984). 

The products of this alteration spread into the vesicles which are extensively filled with the 



Figure 3.1A. Devitrified glass sUlTounded by tiny crystals of plagioclase, also note 
pseudo-cubic chabazite in vesicles (Ppl) (Sample SMC9300). 

'---_______ ~()~5~11~1111 ,. .,-

4 .. ~ · 4 

() 

~ . . 
.'A ... .. _6\8 .. " ~ ~-

.", . ' . .." 

b ~ 
.... . . 

... ., .,tt " ~ 
. " . 4 .. _~_. . ~a . ~ .... - ~ . " ~~. 

i • .~ : . .. . 
:. . V"'~ . . ' ~ " . ~Q,' ~~~ ~ ..... GIlt . " *~ ~~. 

• • .. . ..... "Jill' • ". 
!" • If 'L." l' " 

Figure 3.1C. Smectite days lining vesicles in sample MC21 (xpl). 

Figure 3.1D. Note the contrast between tachylite lapilli (dark vesicular area, bottom 
left) and devitrified groundmass. Chabazite in vesicles (ppl) (SMC9300). 

Figure 3.1D. Broken vesicles (shards) in sample WH3a (ppl). 
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zeolite chabazite, and occasionally smectite clays of the montmorillonite - beidellite series 

(Figure 3,lC). Vesicles are spherical in shape but in samples SMC9300, SMC9301, 

SMC9302 and WB3a remnant shards are seen that were fonned during deposition or post

deposition compaction (Figure 3.lD). 

3.2.2 Medial Facies 

Petrography of the medial facies is discussed in two parts, matrix and bombs. Eight matrix 

samples were collected from Boon Bay Park, Northern Gibraltar Rock, Southern Mount 

Evans, and Northern Mount Evans 1 and thirty-one bomb samples from all sites. The 

groundmass of the matrix of the medial facies is very similar to the distal facies except that 

there are fewer lapilli and more bombs. The matrix is hypocrystalline and vitrophyric and 

dominated by sideromelane glass, extensively devitrified. Set amongst the devitrified glass 

are microphenocrysts of plagioclase (hyalopilitic) with lesser amounts of Ti-magnetite, 

clinopyroxene and olivine (again altered to iddingsite). Vesicles are extensively filled with 

chabazite and smectite clays, and are spherical, although in some areas only remnant 

shards remain (Figure 3.2A). As in the distal facies, the shards would have fonned either 

during deposition or during post depositional compaction. 

Bombs are holocrystalline, porphyritic, pilotaxitic and intergranular. FOUlieen bombs have 

a sub-trachytic to trachytic texture, and four bombs (GR13, GR20, ES5, EN20) are 

aphyric. Microphenocrysts of plagioclase are set in a cryptocrystalline groundmass which . 
appears isotropic, but under closer examination is seen to be made dominantly of small Fe"-

Ti oxides and other crystals, with little or no glass (Figure 3.2B). These Fe-Ti oxides and 

other small crystals are arranged in many layers that give the groundmasss an isotropic 

appearance. Microphenocrysts of plagioclase feldspar dominate basalt and hawaiite bombs, 

but alkali feldspar is more common in mugearite and benmoreite samples. Ti-magnetite is 

also present along with clinopyroxene and iddingsitised olivine. Apatite is a common 

accessory phase. Swallow-tailed plagioclase microphenocrysts are common in all samples 

(Figure 3.2C). Evidence of magma mingling is found in samples SMC830a, SMC830b, 

BB2, HH9, GR13, GR16, GR20, ES2, ES5, EN20, EN2, between finely vesiculated mafic 

magmas and coarsely vesicular felsic magmas (Figure 3.2D). The vesicles in bombs are 

distributed so that small spherical ones are commonly isolated from larger defol1ned ones. 



Figure 3.2A. Broken vesicles (shards) in sample EN[ 6 (Ppl). 

Figure 3.2C. Swallow-tailed plagioclase in sample (MC22) (Ppl). 

Figure 3.2B. Sample SMC830, that has been cut < 0.3 nun, showing the extremely 
fine grained nature of groundmass, and abundant Fe-oxides (ppl). 

Figure 3.2D. Magma mixing in sample EN20, note the contrast between tile felsic 
coarsely vesicular and mafic fmely vesicular areas (Ppl). 

Vl 
Vl 
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3.2.3 Proximal Facies and Spatter Flows 

Sixteen proximal facies samples were taken from all sites except Witch Hill Scenic 

Reserve, Southern Gibraltar Rock, and Northern Mount Evans 3. Eight samples from 

spatter flows were taken from Northern Mount Cavendish, Castle Rock, Witch Hill Scenic 

Reserve, Southem Mount Evans, and N0l1hern Mount Evans 1. 

Proximal facies differ from the medial and distal facies as they consist entirely of fused 

bombs with no or little matrix supporting the clasts. Therefore, it is not surprising that the 

proximal deposits are very similar to the bombs in the medial facies. They are 

holocrystalline, porphyritic and intergranular. Proximal samples however show a complete 

gradation from pilotaxitic to sub-trachytic to trachytic (Figure 3.3A). The slightly more 

trachytic texture is due to most samples still being semi-fluid during deposition allowing 

flow to occur and alignment of the feldspar laths. The groundmass is also very similar to 

medial bombs with micro phenocrysts of plagioclase set in a cryptocrystalline matrix. In 

some samples, however, the .matrix is slightly more crystalline allowing volume 

percentages to be estimated. Plagioclase and magnetite dominate in the groundmass, 

although alkali feldspar is present in the mugearitic, bemnoreitic samples. Swallow-tailed 

plagioclase is also common in the proximal facies, and mingling is present as it was in 

bomb samples, with finely vesicular mafic areas and coarsely vesicular felsic areas (Figure 

3.3B) 

Spatter flows are caused by high accumulation rates of bombs that mingle and flow down 

the sides of the cones. Therefore, it is not surprising to find evidence of magma mingling in 

spatter flows (Figure 3.3C). 'fhe vesicles in both proximal samples and spatter flows are 

irregular in shape due to the fact that most samples are semi-fluid to fluid during 

deposition causing vesicles to become deformed on emplacement, with only the smallest 

vesicles remaining spherical (Figure 3.3D). 

3.2.4. Vent Facies 

Seven vent facies samples were collected, from Southern Mount Cavendish, N0l1hern 

Gibraltar Rock, Southern Gibraltar Rock and Northern Mount Evans 1. All samples are 

holocrystalline with little or no glass in the groundmass. Vent facies samples are 

porphyritic, intergranular with a pilotaxitic to su b-trachytic texture. Vent facies differ from 



Figure 3.3A. Sample EN 19 with a strongly developed trachytic texture (LPO/SPO) 
(Ppl). 

Figure 3.3C. Magma mixing in spatter flow DNS3 (ppl) .. 

Figure 3.3B. Magma mixing in sample ENl9 (Ppl). 

Figure 3.3D. Small isolated spherical vesides surrounded by larger irregular 
(deformed) vesicles (Ppl) (Sample FE 1) .. 
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the bomb samples and most proximal samples in that the groundmass is more crystalline 

allowing actual volume percentages to be calculated. The groundmass is again dominated 

by plagioclase with lesser amounts of magnetite, clinopyroxene and olivine. Olivine is 

heavily altered to iddingsite. Swallow-tailed plagioclase occurs less frequently than in the 

other facies. Vesicles are rare in the vent facies (Figure 3.4A), due its fluidal nature during 

deposition which allows secondary degassing. Samples SMC1226, EN26 and EN] 8 show 

signs of mingling, with felsic and mafic areas (Figure 3.4B). 

3.3 MINERALOGY 

3.3.1 Feldspar 

Plagioclase feldspar is the dominant phenocryst in al1 sample types and also dominates 

microphenocryst and groundmass phases, except in mugearitic, benmoreitic, shoshonitic 

and latitic samples where alkali feldspar is more common. The anorthite content of 

plagioclase varies with whole rock silica content, but generally decreases with increased 

fractionation from basalt to benmoreite (Figure 3.5). Plagioclase crystals in the samples are 

commonly zoned, sieved and corroded. The variety of textures suggest that feldspar and 

other phenocrysts of any given sample are not simply the result of crystallisation from a 

single magma under a specific set of conditions, but must have grown under varying 

conditions of temperature and pressure and/or have been derived from magmas of different 

compositions. Therefore a discussion is useful in determining the possible mechanisms that 

were responsible. 

Zoning 

Zoning occurs in plagiociase because of the failure of diffusion inside the growing crystal 

to keep up with changing chemical and physical conditions outside the crystal (Smith & 

Brown 1988). However for zoning to be preserved, cooling must be sufficiently rapid to 

prevent further diffusion after growth (Muncill and Lasaga 1981). Zoning is most easily 

preserved in plagioclase, because of the resistance of plagioclase. to solid-state re

equilibration due to the sluggish nature of CaAI - NaSi diffusive exchange at magmatic 

temperatures (Morse 1979). Zoning is common in all samples. varying from nomlal to 

normal oscillatory and reverse, with unzoned crystals rare. 
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Figure 3.4A. Vent sample MC99, illustrating the extremely low vesicularity and typical 
groundmass textures (ppl). 

Figure 3.4B. Magma ming1ing in sample EN18, note the contrast between mafic and felsic areas 
(ppl). 
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Normal zoning is most common, with plagioclase phenocrysts and microphenocrysts 

having An-rich cores and Ab-rich rims. This type of zoning is caused by the melt 

crystallising An-rich plagioclase first, enriching the remaining melt with albite. As the 

temperature continues to drop crystallisation continues producing Ab-rich rims. Reverse 

zoning, with Ab-rich cores and An-rich rims is less common, and was suggested by 

Loomis (1982) to occur by the build up of incompatible elements adjacent to the crystal 

face or by a lesser degree of undercooling. Loomis (1982) also suggested that 1l0lmai 

zoning could be caused by the opposite effect, where inconlpatible clements decrease or 

undercooling increases. Anderson (1984) suggested that zoning resulted from tidally 

triggered pulses of shearing motion, causing the magma to move and consequently 

replenish areas depleted in calcic plagioclase due to crystallisation and relatively slow 

diffusion. The "fresh" magma after each shearing event sets off a new cycle, starting with 

crystallisation of relatively calcic plagioclase. 

Oscillatory ZOnIng frequently occurs in most samples and is most distinctive in large 

phenocrysts (Figure 3.6A), but also occurs in smaller microphenocrysts. OscillatOlY 

plagioclase has been the focus of research for more than 100 years but has so far still 

defied satisfactory explanation (Pearce & Kolisnk 1990, Smith and Brown 1988) .. The 

main feature that characterises oscillatory zoning is the occurrence of abrupt changes 

which usually mark a sudden outwards increase in An% and which may feature corrosion 

of the underlying crystal surface. There is usually a gradual change of An% (either reverse . 
or normal) in the plagioclase deposited between successive sharp breaks (Shelley 1993). 

Early ideas from Bowen (1928) explained normal oscillatory zoning in plagioclase in terms 

of several cycles of plagioclase sinking and rising in a magma, but Loomis (1982) also 

thought that the build up of incompatible elements could cause oscillatory zoning if it 
, 

occurred several times during crystallisation. More recent thinking has focused on magma 

mixing, with Lofgren (1974) demonstrating experimentally that compositional zoning in 

plagioclase could be caused by variations in pressure and temperature caused by the 

eruption or n'lovement of magma. Nixon and Pearce (1987) continued with the magma 

mixing theory and showed that repeated injection of fresh, hot, basic magma into a 

chamber of already differentiated and cooled magma repeatedly, caused resorption of 

already crystallised plagioclase, allowing for new crystallisation on the resorbed surface. 



Figul"e 3.6A. Oscillatory zoning in large plagioclase crystal in sample GR1, a bomb 
sample from Southern Gibraltar Rock (xpl). 

Figure 3.6C. Plagioclase phenocryst in sample SMC1126 (vent), that is extensively 
embayedand cracked (ppl). 

Figure 3.6B. A large phenocryst of plagioclase in sample EN 17 (proximal), that has a 
skeletal end and that is also zoned (xpl). 

Figure 3.6D. An overgrown sieved plagioclase rnicrophenocryst in sample WH 1 
(spatter flow) (ppl) . ~ 

N 
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Magma mixing is common in the vent of cinder cones, with fresb magma mixing with 

stagnant magma and therefore seems a probable mechanism in smaller crystals. Larger 

crystals represent longer resident times in tbe magma, and hence have undergone a 

complex history allowing many oscillations to develop. Vance (1962) however, thought 

that due to the common fine scale, regularity and frequency of oscillatory zoning that it 

was unlikely magma mixing was the cause. 

A few phenocrysts in some of the samples display no zoning' at all, and this has also been 

noted for Lyttelton by Neumayr (1998) and elsewhere by Larsen et a1. (1938). The problem 

with a lack of zoning is that you need time to allow total equilibration, thus Neumayr 

(1998) and Larsen et al. (1938) attributed the lack of zoning to crystals being accidentally 

caught up in a more slowly cooled magma. Another possible reason is that some crystals 

may represent zoned crystals that have been cut through their outer zone (during the thin 

section making process), creating the appearance of a unzoned crystaL 

Resorption/ corrosion/ embayments 

Plagioclase phenocrysts and microphenocrysts commonly show signs of resorption with 

rounded edges and corners. Resorption of the crystal faces occurs when the host magma is 

superheated above the plagioclase liquidus, or by the introduction of magma that is hotter 

and would crystallise more calcic plagioclase (Tsuchiyama ] 985). Kuo & Kirkpatrick 

(1982) suggest a model involving the mixing of two chemically distinct magmas. Both . 
magmas contain plagioclase phenocrysts to form a hybrid magma of intermediate 

compositiol~ and temperature compared to the initial liquids. The more albite-rich 

plagioclase phenocrysts from the more evolved melt will be superheated in the hybrid, 

whereas the more anorthite-rich plagioclase from the more primitive melt will be 

undercooled. The superheated crystals will show some resorption and become mantled by 

more anorthite rich material than the core. In contrast, the undercooled crystals will show 

more skeletal growth (Figure 3.6B) with a mantle more albite-rich than the core. 

Neumayr (\998) suggested that both corrosion and changes in plagioclase composition 

could be caused by the simple movement of phenocrysts in convection currents, with 

corrosion occurring when the difference between the temperature of crystallisation and the 

ambient temperature of the surrOlmding magma becomes too great Differences in 
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temperatures between the floor and roof of the Lyttelton main chamber would have been 

greater and so the chances of convection more likely. 

Pearce et a1. (1987) demonstrated that during the eruption of Mt St Helens, solution 

occurred as magma rose to the surface. In this case there was no evidence that corrosion 

was accompanied by a change in the composition of the magma. In feldspar, dissolution 

lllay take place in hydrous magma because the liquidus and solidus curves are depressed as 

pressure decreases and volatiles are released (Shelley 1993) .. 

Plagioclase phenocrysts and other phenocrysts (eg olivine, clinopyroxene, and magnetite) 

commonly have small embayments (Figure 3.6C). Donaldson & Henderson (1988) also 

note embayments in quartz crystals caused by small bubbles near the crystal edges. 

Bubbles have the effect of setting up small-scale convection currents near crystals and 

effectively drill their way into the crystal face. Due to the large amount of vesicularity in 

most samples it seems likely that such a mechanism may be the result of some 

embayments. 

Sieving 

Sieve textures are common in most samples (Figure 3.6D & Figure 3.7E) with glass, 

clinopyroxene, or iron oxides as inclusions within the plagioclase. There are two 

explanations for sieving in the literature, magma mixing and decompression, and both 

probably occurred throughout the history of Lyttelton. Tsuchiyama (1985) showed 

experiment~l\y that heating above the plagioclase liquidus causes solution of plagioclase 

phenocrysts and rounding. He also found that if phenocrysts had an An% lower than that of 

plagioclase in equilibrium within the melt, a fine sieve texture would develop on the 

corroded surfaces which is filled with magma that reacts, forming a more calcic rim. 

Stimac & Pearce (1992) also found that low An% plagioclase develops sieve textures, 

during large changes in both liquid composition and temperature. Both Tsuchiyama (1985) 

and Stimac & Pearce (1992) found that when crystallisation resumes, subhedral to euhedral 

calcic crystals grow, and sieve textured relics often become coated by calcic overgrowths. 

Nelson & Montana (1992) however found experimentally that decreasing pressure causes 

An% to increase with disequilibrium and resorption. Rapid ascent of magmas would cause 

the pressure change, and this may also involve magma mingling. 
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Figu re 3. 7E. A combination ofManebach or Pericline twins with Carlsbad or Albite twins, in bomb 
sampleEN35, withasievedrim expl). 

Figure 3.7F. An oscillatory zoned, Carlsbad twinned plagioclase that has been broken into two 
pieces, in bomb sample WH4 (Ppl). 
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Alteration 

Plagioclase phenocrysts and microphenocrysts are unaltered in all facies. However 

occasionally in some samples, crystals are fractured (Figure 3.7F). 

3.3.2 Clinopyroxene 

The clinopyroxene in the cinder cones is Mg-rich augite with lesser amounts of Fe-rich 

augite, with some crystals displaying simple and rarely polysynthetic twins (Figure 3.8A). 

Previous workers on Lyttelton (eg Altaye 1989, Slaughter'1995, Shearer 1986, Sewell 

1985, Coates 1976) have also noted augite as common in the lavas. Iron-rich augites have 

been also noted, but as typical of more silicic lavas (Neumayr 1998). 

Optically visible zoning is not conunon but does occur. In sample CR8a (Figure 3.8B) 

there is a distinct change in colour ii-om a Mg-poor core (pale) to a Mg-rich rim (darker), 

and in sample SMC1126 an Fe-rich core is coated with a Mg-rich rim (Figure 3.8C). 

Zoning is a reflection of changes in the composition of the melt, where crystals displaying 

a Mg-poor rim can be explained by an increase in Si concentration in the surrounding 

magma during clinopyroxene crystallisation (Neumayr 1998). Therefore a Mg-rich rim 

implies that there must have been an influx of fresher basic magma. The crystal in sample 

SMC 1126 is unusual as Fe-rich crystals are more typical of silica rich magmas,. so this 

might suggest that the crystal has crystallised in a silica rich chamber that has been 

replenished by fresher basaltic magma. Another possibility is that the crystal may have . 
crystallised in an isolated area of the magma chamber before being incorporated into 

fresher magma causing the Mg-rich rim. 

Ophitic and sub-ophitic textures are observed in some samples (Figure 3.8B&D). 

McBimey and Noyes (1979) suggest that such textures are the result of simultaneous 

crystallisation of clinopyroxene and feldspar, with clinopyroxene nucleating and growing 

at a higher rate than feldspar. It is common to find magnetite poikilitically enclosed within 

clinopyroxene. Neumayr (1998) also found magnetite nucleating at the edges of 

clinopyroxene crystals. He thought this was the result of dissolution of clinopyroxene due 

to superheating as a result of mixing/mingling, which led to a supersaturation of magnetite 



Figure 3.8A. A twinned clinopyroxene (Mg-augite) in vent sample GR3. Also note 
the rounded edges (xpl). 

Figure 3.8e. A zoned clinopyroxene in vent sample SMCl126, with a Fe-rich core 
and a Mg-rich rim (fleshy colour) (ppl). 

Figure 3.8B. A large zoned (pale core/dark rim) clinopyroxene (Mg-augite) in sample CR8a 
(proximal), with inclusions of plagioclase alld magnetite (PP1). 
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Figure 3.8D. A twilUled clinopyroxene (Mg-augite) in sample DNS3 (spatter flow), 
with inclusions ofplagioclase (ophitic), and magnetite (xpl). 
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grmvth components adjacent to the crystal, allowing magnetite to nucleate and grow. In 

sample CR8a this can be seen easily at the boundary between the overgroVv1h (Figure 

3.8B), and is probably caused by the injection of fresher magma. 

3.3.3 Olivine 

Olivine is the third most common phenocryst and is commonly altered to iddingsite and/or 

bowlingite. Iddingsite consists of a mixture of smectite, chlorite, and goethite, and less 

commonly amorphous silica, calcite, talc and mica (\Vilshire'1958). As noted by Delvigne 

et a1. (1979) the formation of iddingsite is generally initiated at the margins of olivine 

crystals (Figure 3,9A), and appears to invade the crystals progressively, until in the most 

extensively altered samples, the original olivine is entirely transformed. There are also 

some samples that have an unaltered rim surrounded by iddingsite that is overgrown with 

less altered olivine and this may represent a period of hydration-oxidation succeeded by 

further crystallisation Neumayr (1998). Another explanation for this zoning pattern may be 

selective alteration of the core (D. Shelley, pers. comm. 1999) (Figure 3.9B). 

Iddingsite forms deuterically at low temperatures under oxidising conditions (Haggerty & 

Baker 1967, Coleman 1982, Smith et a1. 1987). Gay & Le Maitre (1961) suggest that 

olivine alters via "continuous transformation in the solid state", whereby Mg, Fe2
+, and Si 

are released from the olivine and replaced by Fe3
+, AI, and Ca. During this alteration, Fe is 

converted from its ferrous to ferric state and its prop0I1ion (relative to Mg) is increased. 

H20 is added, Mg is subtracted, and Si remains unchanged (Neumayr 1998). 

Bowlingite is regarded as an olivine alteration product formed under non-oxidising 

conditions (Wilshire 1958). When the enviromnent becomes oxidising, bowlingite may 

itself be altered to a con;plex mixture of smectite, chlorite, antigorite, and/or chrysotile, 

with minor amounts of talc, mica, and qum1z (Deer et a1. 1982). 

Alteration of olivine to iron oxides is not as common as alteration to iddingsite but still 

very common in proximal and bomb samples (Figure 3.9C&D). Haggerty & Baker (1967) 

found that during the high temperature oxidation of olivine, iron gradually exsolves from 

the lattice as an opaque oxide phase. The iron oxide phase which forms is either magnetite 



Figure 3.9A. Iddingsitised olivine in sample ES15a (spatter flow) (xpl). 

Figure 3.9C. Olivine crystal altered to a mixture of iron oxides and iddingsite in 
sample MC 15 (proximal) (ppl). 

Figure 3.9B. Iddingsitised olivine, illustrating selective alteration of the core, in 
bomb sample SMC331a(xpl). 

Figure 3.9D. An olivine crystal that has been altered to iddingsite and also developed an 
opaque rim of iron oxides in sample CR8a (proximal) (Ppl). 
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or hematite, depending on the availability and the partial pressure of oxygen and on the 

temperature of formation. Haggerty & Baker (1967) found that olivines from samples 

which show positive reheating effects, such as scoriaceous clasts at the top of lava flows, 

tend to contain hematite rather than magnetite in their secondary assemblage. Searle (1962) 

also found hematised olivine at Three Kings Scoria Cone, Auckland. 

Olivines in some of the samples display embayments, corrosion, and rounding of edges. 

Sharp edges probably reflect skeletal growth whereas corrosion and rounding are probably 

the result of the injection of fresher magma raising the melt temperature above the liquidus 

of olivine. 

3.3.4 Iron Oxides 

It is difficult to distinguish magnetite and ilmenite on the basis of shape, therefore two 

slides (DNS3, GR22) were recut and polished, and then examined under transmitted light. 

Both slides showed very small amounts of ilmenite present but with Ti-magnetite 

dominant. Previous workers on Lyttelton also noted the occurrence of Ti-magnetite as 

phenocrysts, microphenocrysts, asa groundmass phase, and as inclusions. Tanguy et al. 

(1997) also found ilmenite and Ti-magnetite common as a groundmass oxide phase in 

Etnaean lavas. Neumayr (1998) suggested that inclusions of magnetite are a reflection of 

its early crystallisation while skeletal magnetite (Figure 3.1 OA) is caused by a high degree 

of undercooling as a result of a rapid drop in temperature. 

3.3.5 Minor Minerals 

Apatite 

Apatite occurs as tiny crystals and inclusions in most samples and previous workers have 

also noted it common in I'avas as a groundmass phase. Neumayr (1998) found that in more 

siliceous lavas such as rhyolites and trachytes, apatite formed larger needles that were 

often included within plagioclase crystals. He related the crystallisation of apatite to a 

decrease in P20 S, with a distinct decrease at approximately 54% Si02, correlating with 

large needles seen in thinsection. Duncan (1978) also noted the crystallisation of apatite in 

mugearites and benmoreites in Etnean lavas. Apatite in the groundmass commonly forms 

small needles, most are colourless, although occasionaJIy some are pale-brown. Round 



Figure 3.10A. A skeletal magnetite crystal in bomb sample MC19 (Ppl) . 

Figure 3.10C. A biotite crystal in sample EN26 (vent), showing its distinctive 
mottled extinction (xpl). 
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Figure 3.10B. A small amphibole crystal in sample EN26 (vent). Note small biotite 
crystals in some ofthe vesicles in the surrounding groundmass (ppl). 

Figure 3.10D. Calcite infilling a vesicle in bomb sample GRI (xpl). 
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microphenocrysts are found III some samples, mostly as inclusions in plagioclase 

phenocrysts and microphenocryts. As suggested by previous workers (eg Sewell 1985, 

Neumayr 1998), the occurrence of apatite represents the remains of relict high-pressure 

mineral phases. 

Amphibole 

Amphibole occurs in samples HH5 and EN26. It is anhedral and occurs as very small 

crystals (Figure 3.IDB). Neumayr (1998) found kaersutite in one LI lava, while Shearer 

(1986), Altaye (1989), and Coates (1976) found amphibole phenocrysts, either brown 

hornblende or kaersutite. Neumayr (1998) and Sewell (1985) suggested kaersutite is 

xenocrystic because it is absent in the groundmass, and requires hydrous conditions and 

high pressures to grow as a stable phase. Tanguy et a1. (1997) found kaersutite in Etnaean 

lavas and also suggested a xenocrystic origin. 

Orthopyroxene 

Orthopyroxene occurs in samples MC 15, DNS3, ENI8, and EN2, and is subhedral to 

anhedral in shape. Altaye (1989), Slaughter (1995) and N eumayr (1998) all note the 

occurrence of orthopyroxene in the lavas they studied. Slaughter suggested orthopyroxene 

characterised L2a lavas but Neumayr (1998) suggested it also occurs in some Ll lavas and 

not all L2a lavas, so it should not be used "as a basis for LI-L2a separation". Neumayr 

(1998) suggests that its occunence is related to the assimilation of basement sediments, . 
which occurred periodically during the history of Lyttelton Volcano. 

Biotite 

Biotite IS common 111 sample EN26, with its distinctive pleochroism and mottled 

extinction, but it also occurs rarely in other samples as small flakes. Its OCCUlTence is 

restricted to vesicles which suggests that it is a late vapour phase or secondary mineraL 

Neumayr (1998) also found biotite in vesicles (Figure 3.l0C) in Ll lavas and Chester et a1. 

(1985) noted biotite in some mugearitic and benmoreitic Etnean lavas. Both these authors 

suggest that biotite has crystallised as a late stage magmatic or hydrothermal mineral. 
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3.3.6 Secondary Minerals 

Zeolites 

Zeolites are common in all facies but are most dominant in the distal tuffs and form from 

the weathering of microlites and volcanic glass (Philips & Griffen 1981, Fisher & 

Schmincke 1984). Chabazite is the dominant zeolite (Figure 3.lB) having a distinctive 

pseudo-cubic appearance and very low birefringence. N atrolite also occurs but is less 

common, and has afibrous radiating form. Zeolites usually fonn well-developed crystals in 

the vesicles, and amygdales of basalts are generally considered to be the result of late stage 

t1uids that permeated them after their extrusion (Deer et a1. 1992). 

Calcite 

Calcite occurs only in sample GRI (Figure 3.l0D), but has been noted elsewhere in 

Lyttelton lavas (Neumayr 1998) and Akaroa pyroclastics (Johnston 1990). Its occunence 

in vesicles and veins is due to its crystallisation in the later stages of hydrothermal 

deposition (Deer et a1. 1992). 

3.3.7 Xenoliths 

One quartzite xenolith was found in slide ES5 (Figure 3.11). There is no reaction rim but 

the matrix does have a slight orange/brown discolouration, which may be devitrified glass. 

The xenolith is made up of grano blastic unstrained quartz crystals that are ca. 0.3rnrn 

across. ~ome of the quartz grains display euhedral shapes suggesting that during 

entrainment they underwent dissolution before recrystallising. The dissolution of the quartz 

could also explain the glassy matrix, which has since become devitrified. 

Previous workers on Lyttelton have also found quartz xenoliths (eg Shearer 1986, 

Neumayr 1998) and these have been attributed to the entrainment of basement lithologies. 

Shearer (1986) attributed xenoliths in the Dyers Pass area to the Charteris Bay Sandstone· 

and Neumayr (1998) also suggests that entrainment of Torlesse basement might be 

responsible. However the Torlesse material would have to be very clean to achieve the 

monomineralic xenoliths and he therefore suggests that "enclaves may represent Torlesse 

vein material which contains little else but quartz". The source for the xenolith in sample 

ES5 is difficult to determine but due to being composed of quartz grains, it is most likely 

from Cretaceous/Tertiary sandstone, which are found in the Charteris Bay area. 
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Figure 3.11. Quartzite xenolith in bomb sample ES5 (xpl). 
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3.4 VESICULARITY 

Variations in vesicle size, shape and abundance in lavas and scoria reflect the interplay of 

original volatile content and viscosity, rates of decompression and diffusion, coalescence 

and interference of adjacent vesicles, and deformation during t10wage (McPhie et a1. 

1993). Overall vesicularity in samples is seen to decrease from approximately 37% in 

bombs and tuff samples to 14% in vent samples (Figure 3.12). Johnston (1990) also found 

a similar trend in bomb samples, having an average vesicularity of about 33% with more 

welded samples having a lower vesicularity of about 23%. Houghton & Wilson (1989) 

found that low viscosity basaltic magmas with high discharge rates (ie high gas rise speed) 

and no magma:water interaction, have vesicularities of 70-80% for non-welded deposits. 

However as inferred discharge rate falls (ie low gas rise speed), this allows magma in the 

vent to degas and hence become more viscous, causing an increasing proportion of dense 

ejecta is generated (eg Houghton & Hackett 1984). Brown et al. (1990) also found wide 

variations in cone deposits at Punatekahi, and attributed it to varying eruption density. 

Therefore it seems that due to low vesiculation (30-50%) and wide variations that the 

deposits are dominantly the dominant products of Strombolian type eruptions, with 

variation in vesicles due to varying resident times in the vent. 

Tuff samples have the second highest vesicularity and Fisher & Schmincke (1984) cite 

several sources of gas that can cause vesiculation in tuff deposits: (1) gas within the 

fluidising phase of the depositing system (derived from the eruptive centre, from air 

incorporated during transit, or from rain falling during movement of the system), (2) gas 

given off by hot pyroclasts, (3) air rising from the underlying ground, (4) water 

evaporating from snow or watersoaked soil beneath a layer of hot ash, or (5) rain that turns 

to steam as it percolates downwards into hot ash. 

The shape of the vesicles is also seen to vary among the different types of facies. Welded 

samples (ie vent, proximal, and spatter) have vesicles that are dominantly irregular in 

shape and show signs of deformation. The deformation would have been caused by 

samples still being semi-fluid during deposition allowing compaction or flow. Bomb 

samples have a bimodal type of population with large vesicles having deformed shapes and 

smaller vesicles being morc isolated and spherical in shape. Mangan &: Cashman (1996) 
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explained this type of variation as a process of coalescence. Large vesicles are swept past 

smaller vesicles as they rise faster, and they are more likely to collide with larger vesicles 

causing coalescence (ie larger vesicles). Small vesicles rise more slowly and are likely 

to coalesce with large vesicles causing them to become isolated. 



78 

Ch pter Fa r 

OCHEMI RY 

4.1 INTRODU ON 

The aim of this chapter is to classify and interpret the geochemistry of cinder cones of 

Lyttelton Volcano and their related products (eg spatter flows). 112 samples were collected 

from all study sites (see Appendix 3A), from all facies except the distal facies. One distal 

facies sample (31056) was analysed but due to extensive devitrification and the presence of 

zeolites, further study was not undertaken. 

Geochemical analysis was carried out by XRF spectrometry using the methods listed in 

Appendix 5A, and the results are given in Appendix 5B. Analyses from Hibberd (1994), 

Slaughter (1995), and Mckenzie (1995) have also been included (see Table 3.1, and 

Appendix 5C). 

4.2 CHEMICAL CLASSIFICATION 

Classific:;)tion of samples from each area is based on the total alkali vs silica (T AS) 

diagram of Le Maitre (1989), as recommended by lUGS for the classification of igneous 

rocks. 

4.2.1 Total alkali VS. silica 

Southern l-v1ount Cavendish (Figure 4.1 A) 

Twenty-three samples were analysed: 10 bombs, 3 proximal samples, 1 vent sample, 1· 

distal tuff, 2 dike samples, and 6 lava samples. All but two of the cinder cone samples are 

hawaiites with one mugearite, and one basalt. The basalt composition is a distal tuff with a 

'loss on ignition' (LOr) of 4.62, and is thus considered too hydrated to be reliable. The 

hawaiitic dike found in the medial facies strikes toward the centre of the cone and was 

probably emplaced during the final phases of activity. 
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Three lavas were sampled and all have different compositions, trachyte, mugearite, and 

hawaiite. The hawaiitic lava is found directly below the cone and is about 3 - 4 m thick 

pinching out onto the trachyte lava. It is possible that since the chemistry of the hawaiite 

lava and the cinder cone deposits are so similar that this may represent an early emptive 

product of the cone. The mugearitic lava is also probably related to the cinder cone, due to 

it outcropping on the flanks of the medial facies, and possibly represents a late stage breach 

£'om the cinder cone due to its evolved composition. The trachyte lava is about 4 - 5 m 

thick and can be traced around the base of the cone and below the hawaiite lava, and hence 

is not related. 

Northern l-v1ount Cavendish (Figure 4.1 B) 

Eighteen samples were analysed: 6 bombs, 2 proximal samples, 1 vent sample, 3 spatter 

flows, and 6 dikes. One of the dikes is hawaiitic and another benmoreitic with all other 

samples mugearitic. The hawaiitic and benmoreitic dikes are chemically different to the 

pyroclastic deposits, and therefore unrelated. The mugearitic dikes have a similar chemistry 

to the pyroclastic deposits, but due to them cross cutting the pyroclastic deposits they are 

not related. 

Castle Rock (Figure 4.1 C) 

Seven samples were analysed: 1 bomb, 4 proximal samples, 1 spatter flow, and 1 basal 

lava. The" samples do not plot in a simple group like the previous two areas but instead are 

spread out, ranging from basaltic to benmoreitic. The spatter flow sample is hawaiitic and 

the basal lava is a mugearite. All samples are from the same eruptive phase, except the 

proximal benmoreite and appear to have evolved chemically with time. The proximal 

benmoreite probably originates from the large benmoreite! trachyte dome that overlies the 

pyroclastics and is not directly related to the pyroclastic activity. 

Witch Hill Scenic Reserve (Figure 4.1 D) 

Six samples were analysed: 4 bombs: 1 vent sample, and 1 dike. Bomb samples vary from 

1 basanite (LOr 3.44), 1 basaltic andesite and 2 hawaiites. The vent sample is mugearitic, 

whereas the dike is trachytic and is not related to the cinder cone. 
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Hoon Hay Park (Figure 4.1E) 

Nine samples were analysed: 6 bombs, 1 spatter flow, and 2 dikes. The bombs plot in two 

areas, three in the basaltic field and three in the mugearitic/benmoreitic field. The basaltic 

bombs were collected from the southem locality and the mugeariticlbenmoreitic bombs 

collected from the northern locality. The spatter flow from the northern locality is 

benmoreitic and a dike from southern locality basaltic, suggesting that both were related to 

the pyroclastic activity. The other dike is rhyolitic and is not related. As mentioned in 

Section 2.4.5, it was thought that these two areas may represent a polygenectic cone that 

erupted in two phases, and this theory is consistent with the geochemical data above. 

Northern Gibraltar Rock (Figure 4.1 F) 

Eight samples were analysed: 2 bombs, 2 proximal samples, 2 vent samples, 1 dike, and 1 

from a lava flow. Hibberd's (1994) bomb and dike samples have also been included. Two 

of the bombs are mugearitic, the other benmoreitic (LOI 2.43), with the two proximal also 

mugearitic. The lava flow was originally thought to be a spatter flow in the field but as it is 

trachytic it is now thought to be unrelated to the cone. Hibberd's (1994) mugearite dike 

was sampled in the middle of the vent facies and is interpreted to be the feeder dike, 

whereas the hawaiitic dike is unrelated, due to its less evolved chemistry. 

Southern Gibraltar Rock (Figure 4.1G) 

Five samples were analysed: I bomb, 2 vent and 2 dikes. The bomb and one of the vent 

samples are basaltic, the other vent sample is mugearitic. One of the dikes is basaltic and 

this probably would have been the feeder dike due to similarities in chemistry between it 

and the bomb samples. The other dike is mugearitic and this is also probably related, as it 

strikes towards the inferred vent area and has a similar chemistry to the other vent sample. 

The evolved chemistry of the mugearitic samples suggests that both have been emplaced 

during the final phases of pyroclastic acti vity. 

Southern lviount Evans (Figure 4.1 H) 

Nine samples were analysed: 3 bombs, 4 dikes and 2 spatter flows. One bomb sample is 

basaltic the other two are lTIugearitic. Three of the dikes are hawaiites and are probably 



CHAPTER FOUR, Geochemistry 82 
Na20 + K 20 wt% 

16 

IHoon Hay Parkl a 10 + K 20 wt% INorthern Gibraltar Rockl 
Key - Key 

Pyroclastic sample 16 I ""- 0 Pyroclastic sample 

14 

12 

h,idill.' 
10 

8 

6 

4 

2 

37 41 

Na20 + K 20 wt% 

16 

14 

12 

Foid ill' 
10 

8 

6 

4 

2 ~ 

37 41 

PIWl1nlilL' 

t ~rhriphlll1lltitL 
~~e. 
e.~ 
~ 

~o 
~e. 

/~V" \ 
t L'phri LL' e. . ..~ 

hus:mllL ~ 

~~ 

0 
~ 
" Sample 3 :543 (Ll )1 2 66) 

Trachyte 

( ,'I 

Picrn I Basalt Basallil.' AIllJl.'siLI.' 
ha ... ah unJcsitl.' 

45 49 53 57 

I Southern Gibraltar Rockl 

PhllfhlliL~ 

Il.'phriphorll II It I.' 
~~e. 
e.~ 
~ 

~o 
I )Illllwtl.'phri leV ~e. 

61 65 

Trachyte 

PierI) Basalt Basallk t\ 11 (k .... i u.' 
hLlS,llL ,lI1d 1.'''' i tl.' 

45 49 53 57 61 65 

a 

Du.:iLI.' 

69 

Ilac ill.' 

69 

1\ Lava flow 

Dike 

,.) Spatter flow [ill -
tUn (11iLI.' 

73 
Si02 wt% 

77 

Key 
Pyroclastic sample 

6. Lava flow 

.J Dike 

o Spatter flow I G I 

Rhyollll' 

\ 
Si02 wt% 

73 77 

Figure 4.1E-H. Classification of Lyttelton pyroclastics, spatter flows, dikes and lavas for each site. 

14 

12 

r Foid i LI? 
10 

8 

6 

4 

2 

37 41 

a20 + K 20 wt% 

16 

14 

12 

Foidill.' 
10 

8 

6 

4 

2 

Ph0l1l> I it~ 

tcphripholl111111.' 
/~e. 

e.~ 
~ Trachyte 

~o 
Pill ml)tcph "j tl.'V ~e. 

o 
rl.'rhrile~.~e. . ~ 

hasi.1nltc ~~~ 

Sample 31558 (LO I 2 -+3) 

/\ 

Hibberd's (I ~94) data 

PILTO 

basalt 

45 

Basalt 

49 

l3asaltic I Anul.'sitl.' 
I11JI.'Sil1.' 

53 57 61 

[ Southern MOunt Evans [ 

PhnnoliLc 

65 

r I'phrirhonol11l.' 
~~e. 
e.~ 
~ 

~o Trachyte 

Phlll10ll.'phnll.'V ~e. 

rl.'phrill.' 
basLlnitl.' 

Dadlc 

69 

I Picl'll I Basalt I J3~lS81Iic I AnucsilC DUl.'ill.' 
h~lSalL .mol..sitl.' 

37 41 45 49 53 57 61 65 69 

!\ Lava flow 

Dike 

J Spatter flow I F I 

Rlno!iLl' 

73 
Si02 wt% 

77 

Key 
Pyroclastic sample 

6 Lava flow 

Dike 

o Spatter flow I H I 

RIl\olill.' 

Si02 wt% 
73 77 



CHAPTER FOUR, Geochemistry 83 

related to pyroclastic activity, due to striking toward the inferred vent area. The dike other 

is bemuoreitic and not related. The spatter flow samples are basaltic and mugearitic. 

Mckenzie's (1995) samples include two hawaiite dikes and one spatter flow that is the 

same composition as the spatter flow analysed in this study. 

Northern Mount Evans 1 (Figure 4.11) 

Nine samples were analysed: 2 bombs, 2 proximal samples, 2 vent samples, 2 spatter flow 

samples and 1 dike sample. All samples except for the dike plot within the hawaiite field. 

The dike sample plots is trachytic, and cuts the pyroclastic deposits, suggesting that it was 

a later stage event. Slaughter (1995) sampled another dike that also cut through the 

pyroclastic deposits and this is also a trachyte. 

Northern Mount Evans 2 (Figure 4.1J) 

Ten samples were analysed: 4 bombs, 1 proximal sample, 3 dikes, and 2 lavas. The bombs 

range widely from hawaiite to basaltic andesite, shoshonite, and latite. The proximal 

sample is also shoshonitic. Two of the dikes are hawaiitic and strike toward the inferred 

vent area, and are thought to have been fed by the cone. The other is benmoreitic, and cuts 

the pyroclastic deposits, and is thought not to be related. The lava flow samples from above 

and below the cone are hawaiites, and are probably not related. 

Northern" Mount Evans 3 (Figure 4.1 K) 

Eight samples were analysed: 3 bombs, 1 vent, and 4 dikes. Two of the bombs are 

hawaiites whereas the other is basaltic (LOT 2.39), with the vent sample mugearitic. Three 

of the dikes are probably related to the cone as they all strike toward the inferred vent area 

and range from basalt to mugearite. The other dike is also mugearitic but is not thought to 

be related as it cuts the pyroclastic deposits, suggesting that it is a late stage feature. 

4.2.1 Alkaline VS. Subalkaline Classification 

All samples are plotted on a T AS diagram with the discrimination line of Irvine and 

Baragar (1971) (Figure 4.2). All the samples plot above the line suggesting that they are 

alkaline. Neumayr (1998) found a similar trend in the Lyttelton lavas with only a few sub-
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alkaline samples that he suggested were due to basement sediments being assimilated 

during some stage before ascent. 

4.2.2 AFM Diagram 

The division between the tholeiite (significant iron enrichment) and calc-alkaline lavas is 

after Irvine and Barager (1971). All samples are plotted (except those with LOl >2) and 

define a trend with a small degree of iron enrichment (Figure 4.3). Iron enrichment trends 

are due to the inability of iron-rich phases (eg Ti-magnetite) to be fractionated during early 

crystallisation. Hall (1987) found that a small degree of iron enrichment is typical of alkali 

rocks as have previous workers on Lyttelton lavas (Neumayr 1998, Hibberd 1994, and 

Shearer 1986). 

4.2.3 Discrimination Diagrams 

Rollinson (1993) states that discrimination diagrams seldom provide unequivocal 

confimlation of former tectonic settings and therefore should only be used to suggest an 

affiliation. High field strength elements such as Ti, Zr, Y and Nb are commonly used to 

detemline the paleo-tectonic-magmatic environment as they are immobile in aqueous 

fluids. The three diagrams used in this study are from Pearce & Cann (1973), Mullen 

(1983) and Meschede (1986) with all samples plotted. The Lyttelton Volcanic Group has. 

been classified as 'within-plate' alkali basalts by previous workers (Neumayr 1998, Altaye 

1989), ami the results from this study are consistent with this finding (see below). 

Pearce & Cann (1973) (Fig 4.4A) 

The samples in Pearce & CaIrn's (1973) diagram plot in the 'within-plate basalt' and 'calc

alkali basalt' fields. The rarge spread of the data is due to samples containing cumulus Ti

bearing phases such as titanomagnetite and clinopyroxene which skew the results 

(Rollinson 1993). Samples that plot outside the fields are the chemically evolved trachytes 

that do not fit the parameters of the diagram (eg 20%>CaO+MgO> 12%). Neumayr's 

(1998) basalt data have also been plotted and it overlaps the data from this study. 
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Alullen (1983) (Figure 4.4B) 

The samples in Mullen's (1983) diagram plot in the 'ocean island alkali basalt' field. The 

data has a smaller spread in the diagram (than in Figure 4.4A) due to fitting the parameters 

better (eg 45-54wt% Si02, O.l6-0.24wt% MnO, O.14-0.74wt% P20S and O.81-3.07wi% 

Ti02)· 

Meschede (1986) (Figure 4.4C) 

The samples in Meschede's (1986) diagram plot in the 'within-plate alkali basalt' field 

with a lesser amount plotting in the 'within-plate alkali basalts and within plate tholeiites'. 

The spread of values outside the boxes is again due to these samples not fitting the 

parameters (eg 20%>CaO+MgO> 12%). This diagram has been used however to show the 

similarities between this work and previous workers. Altaye's (1989) data for Lyttelton 2 

lavas plots on top of this study with Neumayr's (1998) data plotting just below. Most of 

Altaye's (1989) samples, as in this study, were hawaiites and mugearites, which may 

account for the similarity between the two plots. 

4.3 CHEMICAL VARIATION 

All pyroclastic samples (eg bombs, proximal'samples, vent samples) have been plotted 

together on the same graphs, and their trends are discussed below. 

4.3.1 Major Element Variation 

Major element data were plotted against Si02 for pyroclastic samples (Figure 4.5), 

excluding those with a LOr > 2. The scatter in most plots can be attributed to the 

porphyritic nature of most samples and magma mingling (S. \Veaver, pers. comm. 1999). 

Na20, K20, and P20 S all have increasing trends for all areas, reflecting the relative 

incompatibility of these elements during crystallisation. P20 S does become more 

compatible above 52% Si02 due to its incorporation into apatite. A120, is the only 

component that shows no change during crystallisation, due to plagioclase crystallises 

together with clinopyroxene and olivine, causing the Al20 3 content to be buffered by the 

crystallising assemblage (S. Weaver, pers. comm. 1999). The five remaining components 
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(MgO, CaO, TiOz, Fe20 3, and MnO) all decrease, a reflection of their compatibility with 

increasing fractionation. MgO is removed mostly by the crystallisation of olivine, and to a 

lesser extent by clinopyroxene. CaO is removed by crystallisation of clinopyroxene and 

plagioclase. If CaO and MgO are plotted against each other (Figure 4.6) there is an 

increasing trend up to ~5% MgO, after which there is a rapid decrease. Peterson & Moore 

(1987) correlated the increase to the removal of CaO and MgO from the magma in the 

coprecipitation of plagioclase and clinopyroxene, with the decrease due to olivine 

fractionation. Ti02 decreases due to the crystallisation of Ti-magnetite. The decreasing 

trend in Fe20 3 is due to the fractionation of olivine, clinopyroxene and Ti-magnetite. The 

scattered decrease in MnO is due to the fractionation of clinopyroxene and olivine. 

4.3.2 Trace Element Variation 

Trace element data have been plotted against Zr (Figure 4.7). Zr was chosen as a 

differentiation index due to large variations in the concentration in samples and due to its 

insensitivity to alteration (Neumayr 1998). Four elements (V, Cr, Ni, Sr) decrease because 

of the compatibility of elements during fractionation. V is fractionated into clinopyroxene 

and magnetite while Cr shows rapid depletion due to its high-partition coefficient for early 

minerals, eg clinopyroxene, olivine and magnetite (Neumayr 1998). Ni also rapidly 

decreases in samples with increasing Si02, due its high prutition coefficient, allowing easy 

access to olivine, and at early stages into Ti-magnetite and pyroxene. Depletion of Sr is 

achieved" by the fractionation of feldspar and exceptionally strong depletion implies 

prolonged crystal fractionation (Noble et al. 1969). The remaining elements all have 

increasing trends, which reflects their incompatible nature, although Ba starts to become 

more compatible at higher SiOzwt%, due its incorporation in alkali feldspar. 

4.3.3 L 1 or L2 Magmas 

Neumayr (1998) found chemical differences between Ll lavas and L2 lavas. The trends he 

found were due to the L 1 lava pile being less evolved than the L2 lava pile. Therefore 

when he plotted CaO, MgO and TiOz vs SiOz he found that overall L 1 lavas had higher 

concentrations than L2 lavas. He also found similar trends in trace element plots with Ll 

lavas containing a greater proportion of Ni and Th, further reflecting its less differentiated 
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nature. A comparison ofLl and L2 lavas to Ll and L2 pyroclastics is illustrated in Figure 

4.8A&B. Due to the evolved nature of both L1 and L2 cinder cone samples, there is no 

distinct variation in plots, with most samples plotting in Neumayr's (1998) L2 area. 

4.3.4 Variation Amongst Facies 

At all sites there is some variation in chemistry between samples. From the TAS diagrams 

(Figure 4.1A-I) it is apparent that some areas have a large variation in samples while others 

have little variation. Houghton et a1. (1999) found a progressive change in chemistry in a 

cinder cone at Crater Hill, Auckland, caused by chemical zoning in the magma rising 

through the conduit. They also found that some samples in late phase eruptions were less 

evolved than earlier samples. The less evolved nature was interpreted to represent 

'stagnant' magma that was stored in blind portions of the feeder dike, before mixing with 

fresh-arriving magma and being subsequently erupted. Therefore transects through four 

cones in this study were conducted to see if similar trends could be identified. 

Southern Mount Cavendish (Figure 4.9A) 

A vertical transect taken through one side of the cone showed consistent variation, with an 

increase in Zr concentration up the section. Bombs collected at the bottom of the section.· 

had the lowest Zr concentration and a degassed block in the outer medial facies had the 

highest. A vent sample collected from near the top of the vent facies plots just below the 

main grouping of medial facies (ie bombs) points, suggesting emplacement around the 

deposition of most bombs. The two dike samples plot just beside two vent samples that 

were collected at the top of the vent area, implying that the dikes were emplaced as late 

stage events. The most evolved samples are the late stage flow samples and hence are 

interpreted to have been fed by the cone as a late stage event No changes in clast 

morphology (ie degassing, size etc) could be directly related to changes in chemistry and 

therefore are probably controlled by physical processes acting at the surface of the magma 

in the vent. 

Northern Mount Cavendish (Figure 4.9B) 

Although this area was erupted from a fissure type rather than a cone, it has excellent 
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vertical exposure allowing samples to be taken up a vertical transect. Figure 4.9A shows 

that the two lowest spatter flows in the section have higher concentrations of Zr than the 

samples above it with a bomb sample taken from the outer medial deposits having the 

highest. Therefore after the deposition of the first two spatter flows, it appears that there 

was recharging in the vent and the introduction of a fresher basic magma. The introduction 

of fresh hot magma would have been a likely trigger for the explosive eruptions and may 

explain the overlying spatter flows. Petrographic evidence for the recharge is seen in the 

top spatter flow with sample DNS3 showing signs of magma mixing, cOlTosion, oscillatory 

zoning and sieving in plagioclase phenocrysts. 

Northern Gibraltar Rock (Figure 4. lOA) 

Samples could not be taken through a vertical transect due to the topography. However a 

horizontal cross-section through the cone was possible, with samples taken from the vent, 

proximal and medial facies. The samples revealed two distinct groupings, the first suggests 

an early explosive event, with spatter material dominant, with the second less explosive, 

dominated by bombs and blocks. 

Northern Mount Evans 1 (Figure 4.l0B) 

Samples again could not be taken in a vertical transect but a horizontal cross-section was 

possible. The exposure differs to that of Northern Gibraltar Rock in that the cinder cone is 

not as deeply eroded, hence later stage deposits were dominantly sampled causing a small 

deviation in between samples, and no strong trends. Late stage proximal deposits however 

are slightly 'more evolved than earlier deposits. 

4.4 PETROGENESIS 

Evaluation of the petrogenesis of Lyttelton magmas is beyond the scope of this study,' 

however a discussion on the data presented in this study compared to previous work is 

important in providing evidence for eruptive mechanisms. 

The initiation of volcanism on Banks Peninsula was suggested by Sewell (1985) to be 
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caused by "a major within-plate stress field, conesponding to the intersection of E - W 

trending faults of the Chatham Rise and NW - SE trending faults of the Kaikoura Orogen, 

probably triggered mobilisation and rise of mantle fluids and the local updoming of 

peridotite in the lithosphere beneath the present position of Banks Peninsula during the 

middle Miocene". The development of alkali olivine basalts by partial melting of mantle 

peridotite at depths of < 70 km has been suggested by experimental work (Ringwood 1975) 

with the ultimate source being the low velocity zone between 80-150 km. Lyttelton 

alkaline rocks have a moderate to strong light rare earth element (REE) enrichment trend 

(Weaver & Smith 1989) indicating a garnet-bearing source, Garnet contains heavy REEs 

and the resulting melt is enriched in light REEs, therefore suggesting that Lyttelton 

magmas were generated by the partial melting of a garnet peridotite source < 70 km. These 

early magmas rose to the Moho where they underwent re-equilibration, crystal 

fractionation, and crustal contamination (Neumayr 1998). The onset of Lyttelton volcanism 

occurred at approximately 11 Ma with initial lavas showing strong enhanced crustal 

contamination (Weaver 1991, Figure 4.11). Later Lyttelton lavas have a transitional 

alkaline basalt to trachyte trend .of sodic composition, with little contamination. The 

samples collected from this study dominantly plot above the early trend, or on the later, 

trend, and this is a result of most of the sites being located in or on the later Lyttelton lavas. 

Neumayr (1998) suggested that the main Lyttelton magma chamber probably occurred at 

approxi~ately 15 km depth with a high level chamber(s) at a depth of about 3-4 km. 

Gerard (19?3) also suggests a high level chamber existed, due to low aeromagnetic 

anomalies in Lyttelton Harbour. A similar scenario has been suggested at Mt Etna with a 

deep storage area for magma at ~20 km (Sharp et al 1980) with higher level chambers at 

approximately 6 km (Him et al 1991). Condomines et al. (1995) suggest that beneath Mt 

Etna primitive magmas generated in the mantle rise up and collect in the deep seated lower. 

crustal reservoir (~20 Ian). Fractionation of the magma involving predominantly mafic 

phases leads to the development of less dense melts that then ascend to the surface, with 

each eruption suggested to represent a distinct magma pulses (Armienti et al. 1994). 

Neumayr (1998) suggests that the whole magma system for Lyttelton underwent chemical 
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evolution with time and became progressively more fractionated. Constant replenislunent 

caused limited differentiation in the main chamber with initial activity dominantly basaltic. 

The increase in dikes throughout Lyttleton's history allowed for increasing differentiation 

at higher levels and hence lavas became more evolved (eg mugearites, benmoreites, and 

trachytes). The main chamber also probably became zoned during quiescent times as found 

by Fitzgerald (1991) during the evolution of the Castle Rock. 

The development of cinder cones on Lyttelton also changed throughout its history. Early 

cinder cones are basaltic (eg Boon Hay Park 1, Southern Gibraltar Rock) like the early 

lavas. Later formed cinder cones vary, with some hawaiitic (eg Northern Mount Evans 1, 

Southern Mount Cavendish) and others mugearitic (eg Northern Mount Evans, Northern 

Gilbraltar Rock). The variation is due to the increasing development of dikes, allowing 

volatile rich magma to reach the surface with limited differentiation, hence basalt and 

hawaiitic cinder cones. Whilst the mugearitic cones represent magma that has resided for 

longer in the edifice, allowing increased differentiation. The fact that cinder cones are most 

common in later activity suggests that as activity shifted from LIto L2, dikes became 

more common allowing the development of more explosive flank eruptions. 

The differentiation in all samples is attributed to crystal fractionation as suggested by 

previous workers on the lavas of Lyttelton (eg Coates 1976, Sewell 1985, Shearer 1986, 

Weaver & Sewell 1986, Altaye 1989, Slaughter 1995, and Neumayr 1998). Olivine, 

clinopyroxene, plagioclase and Ti-magnetite are the main crystallising phases. 

Crystallisation of apatite and alkali feldspar also caused changes in more evolved samples 

with a depletion in P20 5 and Al20 3 respectively. 
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DIS USSIO AND IN RPRETATION 

5.1 INTRODUCTION 

The aim of this chapter is to discuss the mechanisms responsible for the deposits discussed 

in Chapter Two. The deposits are the remnants of explosive flank eruptions that occurred 

throughout the development of Lyttelton. Due to the eroded nature of the deposits a review 

of the literature is needed to infer possible mechanisms. Ascent of magma on Lyttelton is 

discussed, along with components involved in generating explosive basaltic eruptions, 

cinder cone eruption dynamics, and the resulting deposits. 

5.2 MAGMA ASCENT 

Cinder cones are the surface expression of the movement of magma below the surface and 

hence a discussion on the development of dikes is important since they are commonly 

responsible for the transport of magma from depth to the surface. 

5.2.1 Dike development and magma storage 
. 

The propagation of dikes has been geophysically measured on Mt Etna (Murray 1990, 

Rymer et al: 1993), Reunion Island (Lenat et al. 1989) and Hawaii (Wilson & Head 1988). 

The general consensus is that magma is injected laterally either from a shallow magma 

reservoir (eg Reunion Island, I-Iawaii) or from the central conduit (Mt Etna) (Figures 

5.1 &5.2). The shallow reservoirs are short lived with erupted flank lavas showing 

extensive plagioclase crystallisation and being only mildly explosive. At Mt Etna, magma 

enters the volcanic pile permissively with a high level of magma in an open conduit giving 

steady persistent activity (Guest et aL 1974, Wadge 1977, Guest & DULlcan 1981, 

Sanderson et al. 1983, Chester et al. 1985, Murray 1990, Hughes et al. 1990). Dike-like 

intrusions leading to flank eruptions radiate out at various depths from the central conduit 
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Figure 5.1 Computed gravitational effect from a 2.5D model of the 1990-1991 changes in 
magma level within the summit feeder and the proposed fissure region beneath the upper 
southern flank at Mount Etna. The density of the intrusions is assumed to be 2,800 kg m, the same 
as the surrounding material. Note that the total strike width of the feeder pipe is 50 m and the 
width of the dike is 4 m. The model does not suggest that these are the limits of the bodies, simply 
that these are the sort of changes between June 1990 and June 1991 which would fit the observed 
gravity data. Indeed the feeder pipe is almost certainly extends down to a large magma reservoir 
well below sea level. Seismic data indicate sources at 2 km depth, which roughly coincides with 
the modelled base here. The approximate location of the main eruptive vent for the 1991-1992 
activity is also shown, although in fact it is slightly to the east of this profile (into the page) 
(fromRymeretaI.1993). 
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and may be emplaced in fissures dilated either in response to tectonism or gravitational 

forces (Murray & Pullen 1984, Chester et al. 1985, Guest et al. 1987, McGuire & Pullen 

1989, Rymer et al. 1993, Bonafede & Cenni 1998). During the 1991-1993 eruptions on Mt 

Etna the intrusion of a dike was geophysically measured by Rymer et al (1993). They 

found that the 1991 intrusion of magma was aseismic, due to filling a previous fracture, 

with low micro seismicity only occUlTing just before Strombolian flank activity due to 

vigorous vesiculation. 

McGuire & Pullen (1989) investigated the location and orientation of eruptive fissures and 

feeder dikes on Mt Etna and found two controlling stress regimes: (1) a gravitational stress 

regime, and (2) a regional tectonic stress regime. The propagation of dikes on Mt Etna 

during the present time is controlled pa11ly by a regional tectonic stress regime and partly 

by a gravitational stress regime generated by the gross morphology of the volcanic edifice, 

and which is modified by local topography. However during the early history of the 

volcano the regional tectonic stress regime was the dominant control of feeder-dike and 

eruptive fissure disposition and the orientation of stresses within this regime is reflected in 

the pattern of older fissures at lower altitudes on the volcano. The broad radial distributions 

of fissures on the upper flanks of Mount Etna are controlled by: Pm> 't + 03' Where: Pm = 

magma pressure; 't = tensile strength of the enclosing rock; 03 = minimum compressive 

stress of external origin (Figure 5.3). On Mt Etna, this condition is best satisfied at an 

altitude of about 1750 m (Wadge 1976) resulting in a maximum frequency of radial 

fissures at this altitude. 

Dobran & Coniglio (1996) looked at the different phases of the 1974 and 1989 eruptions 

on Mt Etna and used computer simulations of magma ascent to assess the internal 

plumbing system. Results from simulations and geophysical and geological data suggest 

that magma ascent at Mt Etna occurs along a central conduit or inclined conduits from a 

magma storage region located from 8 - 9 km below the summit, depending on the regional 

tectonic stresses and characteristics of the magma supply system. The results also suggest 

the existence of a structurally weak zone from 1 - 4 km below the summit where magma 

may accumulate and from which fracture systems may propagate leading to magma ascent 

and gas loess with erupti ve vents at the surface. 
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Figure 5.3 The broad, radial distribution of fissures on the upper flanks of Mt Etna can be 
explained most successfully within the framework of gravitational stress regime, in vertical 
dikes propagating horizontally from a rising magma column intersect the flanks froming 
radially disposed eruptive fissures. Magma is rising beneath the topographic centre of the 
regular volcanic cone which is externally stressed due to gravity alone, fracturing ofthe walls 
of the conduit results in the fonnation of a vertical, horizontally propagating dike. Given 
sufficient magma pressure this will intersect the cone flank to produce an eruptive fissure 
which bears a radial relationship to the topographic centre of the cone. Repetition of such an 
event results in the fonnation of numerous radial fissures that, due to regular cone morphology, 
are nonnal to the contours at all points (from McGuire & Pullen 1989) . 
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Volcanic activity on Mt Etna is critically dependent upon the working of the deep reservoir 

with its gradual filling of magma leading to increasing pressure and distension in the 

overlying crust causing failures in a radial direction in the volcanic edifice (Tanguy et al. 

1997). The deep magma reservoir at Mt Etna has been constantly replenished during its 

history by the influx of basaltic magma from the mantle, undergoing limited differentiation 

tlu'ough crystal fractionation, causing dominantly hawaiitic lavas (Condomines et al. 1995). 

Exceptionally high activity in the last 25 years has been characterised by unusually 

frequent flank eruptions and strongly explosive summit eruptions caused by the influx of a 

new batch of magma within the deep reservoir (Tanguy et al. 1997). This increase in 

activity is characterised by the generation of a shallow plumbing system, allowing 

increased assimilation and increasing differentiation (Armienti et al. 1994). 

5.2.2 Evolution of Lyttelton dikes 

The evolution of dikes played an important part in the development of Lyttelton Volcano, 

not only by feeding flank lavas and domes, but by also feeding cinder cones (Shelley 

1988). Dike emplacement occurred throughout its history and hence it has a well developed 

radial dike swarm. Shelley (1987) used the dike swarm to define the two main eruptive 

centres for the volcano. Shelley (1988) found the shapes of the radial dikes to be blade-like 

and dikes show a wide range of flow directions, evenly balanced between upward and 

downward flow with the majority in an outwards horizontal direction. He thought that this 

was likelY to be due to dikes propagating outwards, downwards and upwards (Figure 5.4) 

and found this to be in agreement with other authors who have studied radial dikes (eg 

Parsons 1939, Fiske & Jackson 1972, Smith 1978, Sanderson 1982, Wilson & Head 1988). 

Shelley (1987) found that dikes around the crater wall vary considerably in chemical 

composition, with dikes on the southwestern flanks near Gebbies Pass being basaltic 

whereas dikes further round by Mount Cavendish were mugearitic to benmoreitic. He 

attributed the change in composition to the evolution of the volcano caused by changes in 

the composition of the magma chamber. N eumayr (1998) found similarly that L 1 lavas are 

dominated by basalts and L2 lavas by more evolved mugearites and benmoreites. Thus it 

appears that as activity on Lyttelton changed from centre L1 to L2 the magma underwent 
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chemical evolution and increasing differentiation. The dikes in this study are dominantly 

mugearites and benmoreites with a few basalts and hawaiites; this is due to sampling 

mostly Lyttelton 2 dikes. 

As mentioned, Shelley (1988) suggested that all flank eruptions on Lyttelton were fed 

directly from the central conduit, but with different areas varying geochemicaUy so that 

some are dominantly hawaiitic (eg North Mount Evans 1 and Southem Mount Cavendish), 

and others mugearitic (eg Northern Mount Cavcndish). Therefore it seems probable that 

some dikes were tapping magmas that reached the surface relatively quickly and erupted 

explosively (ie hawaiitic areas), while other dikes were tapping magma fed by chambers in 

which differentiation had taken place, leading to geochemically more evolved magmas. It 

is possible the ascent of the more evolved magma was triggered by injections of hot fresh 

magma from lower levels. 

The feeder dikes for the cinder cones in this study are rarely seen, and although this may be 

due to lack of outcrops it may also represent the drainage of magma back into the fissure 

after eruption. On Lytte Iton, Shelley (1988) found some dikes have vertical upwards flow 

orientations suggesting that they fed surface lavas while Guard (I 999) found dominantly 

downwards flow in a vent plug suggesting back-flow. Feeder dikes of cinder cones that are 

seen occur only where erosion has cut deep into the vent areas (eg Southem Gibraltar Rock . 
& Northern Gibraltar Rock). 

5.3 GENERATION OF EXPLOSiVE BASALTIC ERUPTIONS 

Pyroclastic basaltic eruptions are caused by the generation and rapid expansion of a gas 

phase capable of disrupting the magma and/or the surrounding wall rock (Houghton & 

Wilson 1989). Overpressure above the lithostatic value in the magma reservoir is necessary 

to start an explosive eruption and there are two possible mechanisms (Blake 1981, Parfitt et 

al. 1993, Scandonc 1996): 

1. Exsolution of a volatile phase (Section 5.3.2) or the intrusion of new magma in a 

reservoir (Section 5.3.4), with development of an overpressure above the strength of the 



CHAPTER Discussion and 

rocks surrounding the magma chamber, which causes the opening of fractures (Rubin 

1993, Tait et a1. 1993). 

2. Positive density contrast of liquids lighter than surrounding rocks (Ryan 1987) 

deriving, for example from the differentiation in a magma reservoir with the 

accumulation of a light differentiate at the top of the chamber and the development of 

stress above the strength of the rocks (Section 5.3.4). 

5.3.1 Volatile Content 

The volatile content of any magma is the dominant controlling factor in the degree of 

explosivity. Fisher & Schmincke (1984) state that in most basaltic (and andesitic) magmas, 

H20, CO2 and S02 are the three principal volatiles with lesser amounts of H2, CO, S2' O2, 

HCI, N2, HF, and HB. The water content of basaltic magmas varies according to the 

tectonic environment, with MORB's having lesser amounts compared with alkali basalts 

and island arc basalts (Sparks et a1. 1994) .. 

5.3.2 Exsolution 

The solubility of volatiles is heavily dependent on confining pressure (Cashman & Mangan 

1994). At a certain depth the solubility in the melt of H20, S02' and CO2 will decrease so 

that they begin to exsolve from the magma to become separate fluid phases. Cas & Wright 

(1987), state that the depth at which this occurs depends on the magma type, the actual 

volatile CGntent and the vapour pressure of the dissolved H20, CO2, and S02 relative to the 

confining pressure. Sparks (1978) suggests that exsolution will begin when any volatile 

species is supersaturated by a small amount (~ 0.1 MPa) and that initial bubble sizes are a 

few microns. Exsolution commences when the vapour pressure equals the confining 

pressure. Therefore the higher the magmatic volatile content, the higher the vapour 

pressure exerted, and the greater the depth at which exsolution will begin. 

There are two types of exsolution (Cas & Wright 1987). First Boiling or decompressional 

exsolution vesiculation is when an exsolved phase has a vapour pressure that can disrupt 

the magma if it continues to increase. Vapour pressure is however dependent on the initial 

volatile content of the magma and on its temperature. Second Boiling or crystallIsation -

induced exsolution ·-vesiculation is caused by crystallisation, which has the effect of 



CHAPTER Discussion and m,prnn"'"w,," 

concentrating the dissolved volatile components in the remaining liquid magma, causing 

higher vapour pressures. Cooling of magma reservoirs leads to the formation of anhydrous 

crystals with the result that the remaining melt becomes enriched in volatiles. When the 

solubility limit is met, gas exsolution occurs and the magma chamber increases both in 

volume and pressure as vesiculation proceeds. Ultimately, the internal pressure needs to 

exceed the strength of the surrounding rocks to trigger an eruption (Vergniolle & Mangan 

1999). 

The pre-eruptive volatile content of basalts is relatively low, normally ~ 1 wt% of 

combined water, carbon dioxide, and sulphur, with measurements at Kilauea, Etna, 

Stromboli, and Pacaya indicating that basaltic eruptions generally release ~ 105 metric 

tons/day of H20, CO2 and S02 to the atmosphere during peak activity (Vergniolle & 

Mangan 1999). Degassing of basaltic systems occurs as a two-stage process (Chester et al. 

1985, Gerlach 1986). CO2 reaches supersaturation at depths ~ 30 km and begins to exsolve 

and continues to do so until the magma is within a few kilometres of the surface (Figure 

5.5). On Kilauea, for example, the magma resides at the summit reservoir located at ~ 8 to 

2 lm1 depth having exsolved ~ 90% of its original CO2 as a separate fluid phase. The 

second stage of degassing involves the exsolution of H20, and to a lesser extent, S and this 

occurs in the conduit at a very shallow level, within a few hundred metres of the vent 

(Figure 5.5). 

5.3.3 Growth of bubbles 

Bubble growth after initial exsolution 111 an erupting magma is a consequence of 

decompression. Sparks et aL (1994) suggest that bubbles can grow in two ways: (1), by the 

continued exsolution of gas out of a supersaturated melt; and (2), due to expansion of 

existing gas in the bubble as pressure is reduced. Sparks (1978) found that diffusion of gas 

is controlled by the composition, solubility, and concentration of dissolved volatiles and on 

the degree of supersaturation of these volatiles. The expansion of bubbles Sparks. (1978) 

found to be controlled by the rise velocity of the magma,. the rate at which tephra is 

disrupted and renewed at the free surface, and by the rise of the bubble itself. Diffusional 

growth is more dominant for small bubbles and decompressional growth is dominant for 
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Figure 5.5. Diagrammatic sketch of two stage degassing in a volcano (after Vergniolle & Mangan 
1999). 
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large bubbles; and all bubbles at low pressures. Wilson & Head (1981) suggested that as an 

existing bubble grows and moves through the magmatic liquid, new (10 micron-sized) 

bubbles would also be created as a result of increasing supersaturation. 

Grmvth by coalescence between two bubbles is controlled by the linear collision efficiency 

(Sahagian 1985, Sahagian et a1. 1989), a dimensionless quantity that is a function of (1) the 

radius of the collecting bubble (r) and (2) the ratio of the captured bubble radius to the 

collecting bubble radius (r'/r). Large bubbles rise fastest and thus have a greater 

opportunity to overtake smaller, slower-moving bubbles in their path. If the radius ratio is 

very small (large size difference), the collision efficiency approaches zero because the 

smaller bubble is swept past the larger bubbles along streamlines in the adjacent melt. The 

collision efficiency also approaches zero when r'/r is close to unity because the rise 

velocities of the pair are similar and there is little chance that one bubble will overtake and 

capture the other (Mangan et a1. 1993). The net result is that the smallest members of any 

given bubble population have the lowest probability of being involved in the coalescence 

process. This leads to the characteristic perturbation in the vesicle size distribution profile 

that is marked by depletion of bubbles of intermediate size and corresponding enriclmlent 

in the largest bubble sizes (Mangan et a1. 1993). 

5.3.4 Magma Mixing 

The previous sections have focused on the scenario of a simple magma rising to the sub

surface as a closed system and undergoing exsolution of its own volatiles, which then drive 

the explosive emption. However, many explosive eruptions have been found to be the 

result of magma mixing, most commonly in silicic pumice fall and ignimbrite deposits 

(Cas & Wright 1987). Many basaltic volcanoes, however, are also known to possess 

shallow magma reservoirs, which frequently inflate due to the influx of new magma 

(Parfitt et al 1993), and hence may be involved in explosive Hank emptions~ 

For any explosive eruption, overpressure of the magma reservoir is needed to induce an 

eruption. This overpressure may be generated by exsolution of a volatile phase from the 

magma during ascent and/or through crystallisation. Alternatively, Vergniolle & Mangan 

(1999) state that replenishment from a deep magma source may be the triggering 
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mechanism. The input of an additional volume of bubbly magma (basalts are saturated in 

CO2 at depths> 15 km) combined with the volume increase due to the decompressional 

expansion of tiny bubbles that enter and rise toward the roof of the chamber, .may 

sufficiently pressurise the system to trigger an eruption. If the new magma also came into 

contact with a colder magma this would cause rapid crystallisation and exsolution of 

volatiles and would also cause overpressure (Cas & Wright 1987). 

5.4 CINDER COI\lE ERUPTION DYNAMICS 

Strombolian and Hawaiian eruptions producing scoria cones are caused by near-surface 

expansion and explosive disruption of gas bubbles within a low to moderate viscosity 

magma (Vergniolle & Mangan 1999). The following section reviews observed eruptions 

and theoretical modelling. 

5.4.1 Observed Eruptions 

Accounts of observed cinder cone forming eruptions are numerous in the literature (eg 

Thorarinsson et al. 1973, Selfet al. 1974 (Heimaey, Iceland), Guest et al. 1974, McGetchin 

et al. 1974, Chester et al. 1985 (Mt Etna, Sicily), Lenat et al.1988 (Piton de la Fournaise), 

Head & Wilson 1989 (Hawaii)). Initial emptions start with the venting of gas, with each 

eruption being preceded by a seismic crisis (Wood 1980). Initial explosions can be 

continuolls with 30-50 occurring per minute (Chester et al. 1985, Wood 1980), increasing 

in some cases to nearly continuous Hawaiian fire fountaining. Initial activity can start 

along fissu~es but is usually quickly localised to a number of points (Head & Wilson 

1989), as seen by Thorarinsson et al. (1973) at Heimaey. During the main cone building 

phase eruptions consist of discrete, often rhythmic bursts that dismpt the magma and eject 

showers of incandescent lava fragments or pyroclasts (Vergniolle & Mangan 1999). The 

maximum height of cones is commonly reached within a few days, after which explosion. 

frequency and intensity decreases (Wood 1980). 

Ejection angles during initial Hawaiian eruptions are near vertical but become 

progressively less during Strombolian emptions (75°-45°) (Vergniolle & Mangan 1999). 

Lava levels in the craters are the dominant cause of variation in angles between the two 
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eruptive styles on Mt Etna and at Heimaey (Chester et al. 1985, Self 1974). Low lava 

levels generate near vertical eruption angles while higher levels cause a wider variation. It 

was also witnessed at Heimaey that material would accumulate back inside the vent and 

block the crater during large voluminous eruptions. After such blockages, dense black 

clouds of ash would be ejected until the vent became unblocked (Self et at. 1974). 

During Hawaiian eruptions, the structure of the fountain is essentially that of a sustained 

gas jet carrying a dispersed load of centimetre to metre sized molten clasts. Eruption 

temperatures are highest in the core of the fountain (1150-1200DC), creating an 

incandescent yellow-white axis that extends almost to the top of the fountain. The thermal 

core of the fountain passes outward into a fiery orange red region of slightly cooler 

temperature and lower clot density, and then to a sparse, black halo of chilled pyroclasts 

(Vcrgniolle & Mangan 1999). Magma viscosity is usually higher in Strombolian eruptions, 

either because of cooling with eruption temperatures as low as 1080D C, or because of the 

involvement of more evolved magmas, commonly alkaline basalt or basaltic andesite. Gas 

release is episodic rather tban continuous, which leads to larger overpressures, more 

intense eruptions, and higher degrees of magma fragmentation compared to Hawaiian-style 

activity. Chester et al (1985), from the edge of a crater in July 1979 on Mt Etna, observed 

that 30 seconds before a large explosion, the whole surface of the lava lake swelled into a 

giant blister causing gaping cracks to appear in the congealed crust and reveal incandescent 

lava belo~v. The blister would then burst with a resounding bang and eject material 150m 

or more above the lava surface. Smaller explosions were seen to occur around the edge of 

the lake and each explosion was accompanied by a loud hissing, ejecting material only a 

few metres in the air. 

The effusion of lava from cones has been seen to occur at all stages of cone forming 

eruptions. Lavas produced at the beginning of explosive eruptions usually occur at the end 

of eruptive fissures. During explosive eruptions, lava can be produced in three ways: (l), 

by the fast accumulation of hot fluid spatter remobilising and Howing (ie spatter flows); 

(2), by magma overflowing the crater rim; and (3), by eruptions through small boccas on 

the sides of cones (Guest et aL 1974). Late stage flows, however, are most common, due to 

degassed lava breaching unstable cone walls. 
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Head & Wilson (1989), during Hawaiian eruptions, observed that two variables, magma 

gas content and magma volume flux, are the main controls on basaltic pyroclastic 

eruptions. These two variables determine the dynamic structure of a fire fountain and the 

size of clasts within it (Figures 5.6A&B). In turn, the local temperature and the 

accumulation rate become important in determining the structure and morphology of 

pyroclastic deposits (Figure 5.6C). For example, in the outer parts of fire fountains, clasts 

undergo faster cooling, and on accumulation on the surface, contribute to the building of a 

pyroclastic cone (if accumulation rate is low). However, if accumulation rates are high, 

rootless (spatter) flows will form (Figure 5.6D). 

5.4.2 Theoretical Modelling 

Wilson & Head (1981) first suggested that basaltic eruptions could be simulated in a 

homogenous flow model, with no differential motion between the liquid and gas phases. 

They proposed that factors such as bubble. coalescence and a slow rise speed and/or small 

viscosity would produce Strombolian style eruptions. However, Vergniolle & Jaupart 

(1986) discounted the homogenous model and suggested that such a model would only be 

valid for viscous magmas. For basaltic magmas Vergniolle & Jaupart (1986) suggested that 

a two-phase (eg separate) flow framework would be more appropriate and that· gas and 

liquid phases should be treated independently. Evidence to support such an approach was 

found by Chouet et aI. (1974) who observed basalt magmas to have a volume ratio of gas 

to melt 6f between 2 x ]04 and ]05. Vergniolle & Jaupart (1986) found such a ratio 

impossible to achieve in a homogeneous flow with exsolution, thus providing evidence for 

separate flow. 

The two-phase flow regimes are illustrated in Figure 5.7, and each is described below 

based on descriptions in the literature (eg Wallis 1969, Butterworth & Hewitt 1977, 

Whalley 1996, Vergniolle & Mangan 1999). Bubbly flow is characterised by a suspension 

of bubbles (~ 30%) of approximately uniform size in a continuous liquid; the 

cOlTesponding eruptive regime is effusive. At a gas content of ~ 70%, bubbles can coalesce, 

either in the magma reservoir or in the transport system, causing large bullet-shaped 

bubbles to fonn. This regime is called slug flow and is typical of more Strombolian type 

eruptions. Slug flow makes a transition to annular now at gas volume fractions above 70%. 
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Figure 5.7. Classification of two-phase flow and their volcanic counterpart. Note that the gas fraction increases from the left to the right (after 00 

Whalley 1996, and Vergniolle & Mangan 1999). 
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The gas forms a central jet surrounded by an annulus of magma. Two types of annular flow 

exist: at gas volume fractions close to 70%, the liquid falls downward under its own weight 

while the gas phase moves upwards in the conduit; at somewhat higher gas fractions, the 

liquid is driven upwards by the gas jet. If the gas volume fraction is substantially larger 

than 70%, the magma around the central gas core is shed into magma droplets which are 

carried upwards by the gas jet. When the continuous layer of liquid has entirely 

disappeared, the regime is called a dispersed flow. 

Vergniolle & Jaupmi (1986) and Vergniolle & Mangan (1996) explain that Hawaiian fire 

fountains entrain gas and trap lava on the walls and are therefore in the annular and 

dispersed regimes with continuous liquid being expelled from the conduit. Strombolian 

eruptions would be in the slug regime because bubbles have dimensions comparable with 

those of the vent. Therefore the differences between the different eruption styles is linked 

to the amount of gas. Vergniolle & Jaupart (1986) suggest that this scheme can be 

visualised in the evolution of a batch of magma erupting initially in a Hawaiian fountain. 

As the amount of gas reduces, the eruption changes from annular to slug then bubbly, with 

the fountain reducing in height and eruption type (eg. Hawaiian to violent Strombolian to; 

quieter Strombolian eruptions to the effusion of lava). 

Jaupart & Vergniolle (1988) presented results from laboratory experiments simulating the 

degassing process in Hawaiian and Strombolian eruptions. Gas bubbles were generated at 

the bottom of a tank filled with a viscous liquid and topped by a small open conduit. The 

long thin conduit constricts the flow, simulating a dike or the top of a large magma 

chamber. The viscosity of the liquid and the amount of gas release flux are varied during 

the experiments. The basic situation found was that bubbles rise and accumulate on the 

roof of the tank in a foam layer. At a critical thickness the bubbles coalesce and the foam 

collapses, generating a gas pocket whose size varied depending on the liquid viscosity and 

surface tensio'n. At a low viscosity a single large gas pocket is formed, which flows into the 

conduit, and erupts in an annular flow regime (eg Hawaiian eruption). At a higher 

viscosity, many smaller pockets of air are formed which rise and burst intermittently from 

the conduit (eg Strombolian activity). These experiments imply that the presence of 

constrictions in the chamber and conduit playa major role in eruption behaviour. 
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Parfitt & Wilson (1995) investigated the transition between Hawaiian style lava 

fountaining and Strombolian explosive activity. Parfitt & Wilson (1995) looked at how the 

velocity of magma from depth, volatile content and magma viscosity control eruption style. 

Their model was based on the degree of coalescence between gas bubbles in the magma, 

which allowed the transition between the two extreme styles of activity to be simulated. 

The results showed that the speed at which magma rose controlled eruption type with the 

magma speed controlled by gas content and viscosity. Strombolian activity occurred at 

lower rise speeds and Hawaiian activity at higher rise speeds (Figure 5.8), with activity 

between the two extremes transitional. The transition from Hawaiian to Strombolian 

activity OCCUlTed at lower rise speeds for higher viscosities, and lower gas contents and was 

explained by higher viscosities and lower gas contents which reduce the amount of bubble 

coalescence and cause Strombolian activity to be suppressed even at low rise speeds. 

The most interesting result of Parfitt & Wilson (1995) was the observation that a change 

from Hawaiian to Strombolian activity was not dependent on a reduction in gas content as 

previously suggested (Jaupart & Vergniolle 1988, Vergniolle & Jaupart 1986, 1990). 

Instead a reduction in gas content at a constant rise speed reduces the amount of bubble 

coalescence that occurs and moves the eruption toward the Hawaiian end of the spectrum 

(Figure 5.8). Parfitt & Wilson (1995) also show that if an eruption is initially Hawaiian, a 

reduction in the gas content eventually leads to passive effusion of lava rather than 

Stromboiian activity. Therefore without an accompanying decline in rise speed, a decline 

in gas content would not cause a change from Hawaiian to Strombolian activity. 

5.4.3 Location of fragmentation 

Vergniolle & Jaupart (1986, 1990), as mentioned in Section 5.4.2, propose that magmatic 

foams form by the accumulation of bubbles in a static layer at the reservoir roof .. 

Fragmentation occurs when this foam layer catastrophically collapses due to pervasive 

failure of bubble films. Sparks (1978), Wilson & Head (1981), ParfItt & Wilson (1994, 

1995), Dobran & Conigilio (1996) however suggest that foams are formed in the conduit at 

very shallow depths as the magma nearing the surface decompresses. Fragmentation occurs 
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when the proportion of bubbles exceeds that of the maximum packing. Mader et al. (1994) 

al so suggest that formation may be the result of high strain rates imparted by rapid 

expansion and acceleration of the magma. 

Mangan & Cashman (1996) found that their results of a high vesiculation density and 

extreme nucleation rates were more consistent with Mader et at. (1994), and Dobran & 

Conigilio (1996), implying an intense vesiculation burst at high degrees of volatile 

supersaturation. However, Mangan & Cashman (1996) suggest that "runaway" nucleation 

is the dominant process occurring over a narrow depth interval during ascent in the 

conduit. Parfitt & Wilson (] 995) demonstrated that high magma ascent rates rather than 

elevated volatile contents control the explosivity of basaltic eruptions. Mangan & Cashman 

(1996) therefore suggest that strong supersaturation develops when the magma ascends 

through a characteristic depth of nucleation (-120 m) at a rate that exceeds the rate at 

which volatiles can exsolve and form stable bubble nuclei. The effect is that a rapidly 

rising magma "overshoots" its saturation curve such that gas evolution cannot keep pace 

with decompression. Therefore, at a certain point, the limit of metastability is reached and 

the magma vesiculates explosively. 

Mangan & Cashman (1996) suggest that the rapid expanSIOn and acceleration of the 

magma driven by disequilibrium gas release may (as suggested by experiments conducted 

by Made~ et al. 1994) provide the impetus for fragmentation. Mangan et al. (1993) and 

Cashman et al. (1994) found vesicularities in effusive lavas greater than 75%, that would 

imply that vesicularity does not itself lead to disruption. Therefore Mangan & Cashman 

suggest that fragmentation is a process of ductile deformation and breakup similar to that in 

observed liquid jets (eg. Richards et al. 1994, Stone 1994). Thus, while the acceleration 

leading to fragmentation is the result of an intense, disequilibrium vesiculation burst, the. 

breakup itself is caused by the hydrodynamics of the two-phase flow. In their model, 

magma vesic~larity is homogeneous with respect to dissolved volatiles at depth, with 

minor lava drainback during fountaining causing the clast vesicularity and structure to be 

dependent largely on the timing of quenching. 
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5.5 INDER CONE DEPOSiTS 

Cinder cones are relatively small but common volcanoes that form by the eruption of low 

viscosity, generally basaltic magma in Strombolian or Hawaiian eruptions (Vespermann & 

Schmincke 1999). Cinder cones are made up of welded spatter, occasional lava flows, but 

mostly layers of blocks, bombs, lapilli and ash. The following section concentrates on the 

internal structure of cinder cones, common products, and a interpretation of Lyttelton 

cinder cones. 

5.5.1 Internal structure and morphology of cinder cones 

The morphology of cinder cones depends on numerous factors including 1) total volume of 

erupted material, 2) range of median ejecta velocity, 3) ejection angles, 4) wind speed and 

direction, 5) nature and size of particles, 6) occurrence of lava overflows, 7) 

phreatQmagmatic intercalculations and 8) vent geometry (Vespermann & Schmincke 

1999). 

The low eruption column and coarseness of pyroclasts ejected during cinder cone eruptions 

causes limited dispersal with more than half the material falling. within ~500 m of the vent 

allowing cones to grow to hundreds of metres at rates of ~ 0.1 to 5 m.hr- l (Vespermann & 

SclU11incke 1999). The outer slope angles of cinder cones range from 20 0 -30° and this 

angle is related to the equilibrium angle of repose for tephra rolling and sliding down the 

sides (McGetchin et a1. 1974). Steepening beyond 30-35° causes ejecta at the top of the 

cone to slough-off and roll down the sides of the cone, fonning a ring of talus that extends 

beyond the original baLlistic limit of ejecta. The overall plan of cones is mostly circular but 

some arc asymmetrical. The possible mechanisms for asymmetrical cones are: 1) inclined 

explosi ve jets piling pyroclastic material on one side of the vent, 2) influence of the wind, 

3) the removal of a portion of the cone by lava that has bmrowed out underneath it, 4) cone 

growth with simultaneous lava extrusion (the pyroclastic debris being unable to accumulate 

where lava is flowing), and 5) an elongate eruptive vent (Chester et a1. 1985). 

Cinder cones range in height from 45-450 m and in diameter from 250-2500 m with the 

majority between 50··100 111 high and 400-600 m wide (Macdonald 1945, Scott & Trask 
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1971, POIier 1972, Bloomfield 1975, Gutmann 1979, Hammill 1979, Settle 1979, Wood 

1980). The dimensions of fresh cones follow two general relationships: Hco = O.l8W co' 

WCR = 0.40Wco, where Hco = cone height, WCR = crater diameter and Wco = basal cone 

diameter (Figure 5.9). The difference in size is related to variations in magnitude and 

duration of eruptions with 50% of eruptions lasting less than 30 days and 95% being over 

in one year or less (Wood 1980). Volumes of cones plus lava flows range between 105 and 

109 m3 (Vespermann & Schmincke 1999). 

5.5.2 Products of cinder cone eruptions 

In explosive basaltic eruptions, magma fragments into bubbly, molten clots. Gas bubbles 

within the melt undergo decompressional expansion in the conduit and the eruption column 

causing the clot to inflate as it rises. The magnitude and rate of pressure drop, the viscosity 

of the melt, and the timing of solidification, or quenching, control how far the inflation 

proceeds, and thus dctermines the vesicularity, or percent void space, of the clast 

(Vergniolle & Mangan 1999). 

Initial eruptions of cinder cones in volcanic fields are usually phreatomagmatic due to the 

rising magma mixing with groundwater (Figure 5.10). Ilowever, cinder cones on the slopes 

of volcanoes are usually isolated from water with initial eruptions dominantly Hawaiian. 

Ejection anglcs for initial eruptions are near veltical and continuous causing limited 

cooling df clasts, and hence rapid near vent accumulation of spatter. Gas loss in initial 

eruptions is high with fountaining usually shOli lived, causing the magma to increase 

slightly in viscosity. The increase in viscosity causes a decrcase in gas rise speed allowing 

coalescence and hence more discrete Strombolian eruptions. Due to the discrete eruptions, 

clots have more interaction with the air, develop fluidal morphologies, and fall to the 

ground as discrete clasts. Near vent bombs undergo less cooling and thus are usually still 

f1uid so that they flatten on landing and amlcal, or weld, to an existing surface if hot 

enough (Vergniolle & Mangan 1999). Due to continued degassing and mixing with fresher 

magma, thcre is usually a mixture of well-shaped bombs (fresh magma) and blocks 

(degassed magma). Blocks are more viscous than bombs due to increased cooling in the 

vent before ejection and are thus more angular. The discrete nature of the Strombolian 
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Wood (1980) parameters 

~R = Basal Cone Diameter 
H(()= Cone Height 
Wu ( = Crater Diameter 

Where H(o= 0.18~o 
And "ZR = 0.40~o 

( ) 

Figure 5.9. Schematic diagram illustrating the dimensions of cinder cones (after Wood 1980). 
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eruptions causes clasts to be deposited In beds, with each reflecting a single eruptive 

period. Beds are a mixture of bombs and blocks and are usually framework supp011ed by a 

matrix of smaller material (ash and lapilli). 

Variable sorting is common due to eruptions of clasts with different vesicularities and 

densities, or particle aggradation of ashes, or mixing of clasts transported by fall and flow. 

Hence Vespermann & Schmincke (1999) state that there are commonly two main facies 

that can be distinguished from each other in a cinder cone: a) an inner crater facies and b) 

an outer wall facies. The deposits of the crater facies consists of erupted lava spatter, which 

was hot on landing and became welded to form agglutinate. In a transitional area, passing 

outward towards the crater wall facies, scoria fragments may be welded together but can 

still be recognised as individual clasts. In the crater interior, lava lakes or lava flows can 

develop. The upper crater facies characteristically consists of round bombs set in a poorly 

sorted matrix of lapilli, overlain by well-sorted lapilli layers up to several metres thick. The 

lapilli layers can extend much further than the actual cinder cone (Figure 5.10). 

Clast vesicularity varies widely and this is a ref1ection of processes acting in the vent and 

during deposition. Near vent spatter has low vesicularity «20%) due to post depositional 

degassing and compaction whereas bomb and block vesicularity varies widely (40-85%). 

Houghton & Wilson (1989) suggest that if a magma is fragmented at the peak of 

vesiculatIon, the result should be a more-or-Iess uniform assemblage of clasts. However 

this will only be met when the magma rises rapidly to shallow depths and is discharged 

sufficiently quickly to preclude significant non-explosive degassing. Therefore lower 

ascent rates and eruption rates (below which the magma will not fragment) will have 

broader vesicularities due to new magma incorporating degassed vent magma (Houghton 

& Hackett 1984). Brown et al. (1994) illustrate the variation in vesicularity by the presence 

or absence of a crust on the surface of the vent magma (Figure 5.11). During periods of 

intense eruptions no crust can form, hence fresh magma is erupted with a high vesicularity. 

During less intense eruptions, a degassed crust fonl1s that is disrupted during episodic 

eruptions, causing both fresh and degassed magma with a wide range of vesicularity to be 

erupted. 
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Figure 5.11. Diagrammatic section through Punatekahi vent indicating features associated with 
Strombolian activity, together with end member vent conditions and resultant vesicularity of 
clasts (f= frequency of samples with % vesicularity) (after Brown et al. 1994), 
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5.5.3 Interpretation of Lyttelton cinder cones 

Cinder cones are commonly divided into inner crater facies and outer wall facies. In this 

study, however, the outer wall facies is divided into three separate facies (ie proximal, 

medial, and distal) with each facies distinguishable on welding, dip direction, block size, 

colour and the presence or absence of some clasts. 

Vent Facies 

Vent facies deposits dominate early phases of activity and are seen at Southern Mount 

Cavendish, Northern Mount Cavendish, Witch Hill Scenic Reserve, Northern Gibraltar 

Rock, Southern Gibraltar Rock, North Mount Evans 1 and North Mount Evans 3. Early 

eruptions would have been near continuous Hawaiian fire fountaining (50+ 

explosions/minute), caused by high gas contents, and high magma rise speeds (Parfitt & 

Wilson 1995, Head & Wilson 1989). Ejection angles would have been high with little 

cooling, causing rapid near vent accumulation of hot material. Individual clast shape is not 

preserved in vent deposits due to their densely welded nature caused by high accumulation 

rates and extreme fragmentation of the magma. Welding is most obvious when the deposit 

is struck by a hammer, due to its extremely hard and almost 'flinty' nature. Welded 

deposits resemble lava and may dip inwards towards the eruptive centre. The lack «20%) 

of vesicles in the vent facies is interpreted as due to degassing and compaction during 

emplacement. Lack of vesicles may also be due to degassing during rheomorphism, as high 
o 

accumulation rates in the vent facies may feed spatter flows that are commonly found in 

the proximal facies (~25%). 

Proximal Facies 

Proximal facies deposits grade out from the vent facies with a decrease in densely welded 

spatter to more welded deposits with a greater preservation of clasts, due to their moderate 

accumulation rates and longer flight times. Clasts are characteristically flattened (~80%) 

representing their semi-fluid nature during deposition. Welding decreases slightly, due to 

the decrease in accumulation rate and increase in cooling and flight times. The 

development of an ash and lapilli matrix is more common due to more Strombolian style 

eruptions. The degree of flattening is related to clast size, temperature and accumulation 
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rate, with rare spherical bombs indicative of longer flight times and higher cooling. Clasts 

are vesicular, with vesicles ranging in size from 0.5-0.8 m, and volume percentage from 10 

to 60%. The wide variation in vesicularity is due to variations in accumulation rate and 

flight times. Spatter flows are frequent in the facies and this is related to high accumulation 

rates in the vent facies, allowing clasts to 'tack' together and flow by rheomorphism. 

Spatter flow thickness varies from site to site and this is a result of varying accumulation 

rates at each site. 

Medial Facies 

Medial facies deposits are dominated by bomb, block and lapilli beds and grade slowly 

from proximal deposits. A variety of bombs are found, varying from large scoriaceous 

fragments to less vesiculated blocks with a variety of shapes (Figure 5.12). The typical 

shapes are shown in Table 2.2 and Figure 2.2, and are common in the facies due to 

increased flight times and slower accumulation rates, allowing increased cooling and 

solidification. Some bombs have multiple-chilled margins, suggesting that they have rolled 

back into the vent and been re-ejected. Eruption type is dominantly Strombolian, causing 

deposits to be bedded, due to more discrete eruptions, the result of a decrease in gas 

content and increased coalescence and slug flow (Parfitt & Wilson 1995). The deposits are 

unwelded because the clasts solidified during flight, due to increased cooling. Degassed 

blocks are common and this is due to the development of crust in the vent between 

eruptionS, a crust that is subsequently erupted by the next event. With increasing distance 

from the vent, deposits contain increasing quantities of ash and lapilli matrix, and the 

average bomb size decreases. As the largest bombs commonly occur at the top of the facies 

clast, size also appears to increase up section. The latter is probably also due to the 

decrease in gas content, causing the magma to increase in viscosity, thus causing larger 

bombs. Average vesicularity is ~40% but this again varies widely (10-60%), and is due to 

Strombolian eruptions commonly erupting a mixture of fresh and degassed magma. 

Distal Facies 

Distal facies deposits are dominated by lapilli, ash and crystals. Deposits are usually well 

sorted and bedded, reflecting their air-fall deposition, with rare bombs up to 0.3 m. Rare 



Figure S.12A. A highly vesicular bomb (~70% vesicles), found in the Figure S.12B. A reworked bomb, that is interpreted to represent actively 
proximal facies , interpFeted to represent actively vesiculating magma. vesiculating magma that has been ejected, rolled back into the vent, mixing 

with less vesicular magma before being re-ejected. 

Figure S.12C. A cross-section through a round bomb with approximately Figure S.12D. A cross-section through a degassed block found in the medial 
40% vesicles. facies with <20% vesicles. 
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bombs represent discrete explosions where clasts have been ejected at very low angles, 

probably caused by a high magma level in the vent. Some may represent clasts that rolled 

down the outer slope of the cone. Some beds in the distal facies are extremely fine grained, 

and this is a result of clearing eruptions that release large plumes of fine ash. The eruption 

type is dominantly Strombolian although some distal deposits may represent material from 

earlier Hawaiian eruptions. Lapilli fragments are glassy and this represents fast cooling due 

to their small size, and hence large air interference. 

Size of cinder cones on Lyttelton 

From the parameters of Wood (1980) it is possible to get an indication of sizes of cones 

during their peak of activity. A major problem is that cinder cones weather very easily 

because they are composed of loose beds of tephra. However, from field observations, the 

amount of weathering can be estimated and the original cone height constructed through 

dips and facies variations. Some dikes fed from cinder cones were noted in the field, but 

not in every cone. The cinder cone dikes are thought to be present only at deep levels in the 

cones, so their presence indicates deep erosion of the outer walls of the cinder cone. Where 

cone dikes are lacking, it is likely that the cone has not been deeply eroded,. which suggests 

the aerial extent of such cones is close to the original. The aerial extent of the more eroded 

cones were also measured, but they have probably been more superficially reduced in size. 

Heights are given in Table 5.1 but it must be emphasised that all heights are very 

approxiniate. The largest cones were those at North Mount Evans 1 and Southern Mount 

Evans with estimated basal diameters of ~1600 m and heights of ~280 m. The smallest 

cone studied is at Hoon Hay Park, with an estimated basal diameter of ~400m and a height 

of ~70 m. Average cone height is 140 m and average basal diameter 775 m, very similar to 

the averages determined by Wood (1980) for 910 cinder cones. 

5.5.4 Model for Lyttelton Cinder Cone Eruptions. 

Based on the previous discussion it is possible to illustrate the key features. and 

mechanisms responsible for cinder cones on Lyttelton Volcano. 
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Table 5,1, Estimated cone heights of Lyttelton cinder cones. 

Area Estimated basal diameter Estimated height 

Southern Mount Cavendish ~500m ~100m 

Northern Mount Cavendish ~700m ~130m 

Castle Rock INSUFFICENT EXPOSURE 

Witch Hill Scenic Reserve ~750m ~135m 

Hoon Hay Park 1 ~400m ~70m 

Hoon Hay Park 2 ~500m ~100m 

Northern Gibraltar Rock ~600m ~110m 

Southern Gibraltar Rock ~440m ~80m 

Southern Mount Evans ~1600m ~280m 

North Mount Evans 1 ~1580m ~280m 

North Mount Evans 2 ~670m ~120m 

North Mount Evans 3 ~780m ~140m 

Average ~775m ~140m 
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Hawaiian Eruptions (Figure 5. 13A) 

Initial activity was dominantly Hawaiian with continuous eruptions of a low viscosity 

magma. Eruption rate is similar to the ascent rate of the magma and hence the magma level 

in the vent is low. Clast size is small due to extreme fragmentation and high vesiculation. 

High vesicularities and high ascent rates prevent coalescence. Hence, initial deposits are 

dominated by vent and proximal facies type deposits due to the large amount of erupted 

spatter undergoing limited cooling. 

Strombolian ErupNons (Figure 5. 13B) 

Late stage activity was dominated by Strombolian eruptions. Due to more discrete 

eruptions and the loss of gas, magma viscosity would have increased causing slower 

magma ascent rates. The eruption rate, however, would have been slower than rise rate of 

the magma causing an overall increase in the level of the magma in the vent. The slower 

rise speeds also cause discrete eruptions due to the coalescence of slow rising bubbles. The 

slow eruption rates also cause a degassed crust to fonn at the top of the magma column in 

the vent; this is subsequently disrupted during each eruption. Hence late stage deposits are 

characterised by a mix of clasts but dominated by blocky clasts, and with vesicularity 

ranging from 25-70%. 
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6.1 

The development of cinder cones has played an important part in the development of 

Lyttelton Volcano and the following is a summary of conclusions outlined in previous 

chapters. 

The first phase of Miocene volcanism began with the development of sub alkaline rhyolites 

and andesites (Figure 6.1A). These early volcanic rocks represent early Lyttelton-type 

melts that interacted significantly with Torlesse basement. Early eruptive products "paved 

the way" for the development of Lyttelton by establishing "clean" routes to the surface, 

allowing limited interaction of basement and more basaltic volcanism. 

Early Lyttelton volcanism eLl) was centred on "Head of the Bay" and was dominated by 

effusive activity causing the volcano to develop a conical shape (Figure 6.1B). Activity 

was fed .by a 15-20 lan-deep reservoir that was consistently being replenished from a 

deeper source, causing limited differentiation and dominantly basaltic products. Due to the 

small size of the edifice at this early stage, gravitational stresses were low, causing limited 

emplacement of radial dikes. The lack of dikes would have also caused limited flank 

eruptions, resulting in activity being concentrated at the summit, causing it to steepen 

sharply relative to the flanks. The continued growth of the edifice would have led to an 

increase in gravitational stresses, and hence to an increase in the propagation of radial· 

fractures. Distension within these fractures, caused by increasing magma pressure, allowed 

radial dikes to form, of which some fed flank eruptions (ie cinder cones) 6.lC). An 

increase in radial dikes would have caused an increase in the volume of the central conduit, 

hence some larger dikes may have become more differentiated, causing the development of 

occasionally more fractionated lavas. 
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B) INITIAL Ll DEVELOPMENT. Lavas are dominantly basaltic with most being fed from the central 
conduit. Some lavas are slightly contaminated probably due to continued crustal assimilation during the 
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At the end of L1, there was a large-scale collapse of the eastern flank, which may have 

been associated with the violent eruption of rhyolitic lavas that are found at the top of the 

lava pile (1\J"eumayr 1998). Following the collapse there was a period of erosion that led to 

the development of lahars, slope wash deposits and deep weathering of the underlying 

lavas. Activity migrated during this erosional period, moving to a centre near "Charteris 

Bay" (Shelley 1987). Initial L2 lavas quickly overtopped the eroded L 1 cone, and were 

dominantly erupted on the western, northern and eastern flanks (Neumayr 1998). L2 lavas 

are more evolved than L 1 lavas due to differentiation in the main chamber and possibly 

also deep down in the central conduit. Explosive flank activity was more common during 

L2 than L1, with numerous cones and eruptive fissures (Figure 6.1D) due to an increase in 

the amount of dike activity. Explosive activity was dominantly mugearitic, due to 

increasing differentiation and probably mixing of fresh and older magmas within the 

conduit. It is possible that the ascent of the more evolved magmas was triggered by the 

injections of hot freash magma from lower levels. Some dikes also had selective 

assimilation of basal sediments as indicated by the rare occurrence of sandstone xenoliths. 

Another period of quiescence occurred, causing further erosion and deposition of more 

lahars. A final phase of activity occurred after this second erosional period, possibly due to 

one final inj ection of fresh magma into .the main reservoir, depositing lavas dominantly on 

the nOlihern and north-eastern flanks (Neumayr 1998), with little explosive flanlcactivity. 

Activity then shifted to the Mount Herbert region and then onto Akaroa, before returning 

to the vicinity of the eroded crater of Lyttelton Harbour. 

6.2 PETROLOGY OF CINDER CONES 

The petrology of cinder cones on Lyttelton is dominated by four minerals; plagioclase, 

clinopyroxene, olivine and Ti -magnetite, with the greatest variation between samples 

occurring in the groundmass phases. Distal facies samples are dominated by a yellow to 

orange hypo crystalline, vitrophyric groundmass, with rare phenocrysts and 

microphenocrysts of plagioclase, clinopyroxene, olivine (altered to iddingsite), and Ti

magnetite. Glass occurs in two forms, sideromelane, which is dominant in the matrix, and 

tachylite, found in lapilli fragments. Tachylite is more resistant to weathering than 

sideromelane due to it containing abundant tiny Fe-Ti oxide crystals forming coherent 

black "islands" in an orange groundmass. The groundmass of the medial facies. is very 
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similar to the distal facies, being dominated by sideromelane, with less lapilli and more 

bombs. The groundmass of the vent, proximal and medial bomb samples is holocrystalline, 

porphyritic, and intergranular. Bomb samples and some proximal samples have sub

trachytic to trachytic texture with vent samples more pilotaxitic. Swallow-tailed 

plagioclase micro phenocrysts are common in proximal and bomb samples, and evidence 

for magma mixing is common amongst all samples. 

The four main phenocryst phases show a wide range of mineral textures suggesting that for 

any given sample they are not the result of crystallisation from a single magma under a 

simple set of conditions. Each phenocryst has grown under varying conditions of 

temperature and pressure andlor been derived from magmas of different compositions. The 

alteration of olivine to iddingsite is common in all samples, with alteration to iron oxides 

only occurring in proximal and medial facies as a result there of reheating. Ti-magnetite is 

the dominant iron oxide with lesser amounts of ilmenite. Apatite is common in the 

groundmass of most samples, phenocrysts occur in some mugearitic samples. Xenocrystic 

amphibole occurs rarely, as does orthopyroxene, the appearance of which is related to the 

assimilation of basement sediments. 

Late stage magmatic andlor secondary minerals include biotite (late stage or 

hydrothermal), chabazite and natrolite (hydrothermal alteration of glass), and calcite (late 
* 

stage hydrothermal). One xenolith, found in a sample from Southern Mount Evans, 

indicates the potential for at least intermittent assimilation of the basement. The xenolith is 

made up of clastic quartz grains and is most likely from CretaceouslTertiary sandstones, 

found directly below the volcano and exposed in the Charteris Bay area. 

6.3 GEOCHEMISTRY OF CINDER CONES 

Cinder cones are mostly hawaiitic and mugearitic, and all belong to the alkaline basalt

hawaiite-mugearite-benmoreite-trachyte association. 
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Major and trace elements show smooth trends with incompatible elements increasing with 

increasing Si02 and compatible elements decreasing. These enrichment and depletion 

trends are a result of crystal fractionation of plagioclase, clinopyroxene, olivine, Ti

magnetite and apatite. 

Late formed cinder cone samples are more evolved than earlier samples, with early bomb 

samples having lower Zr concentrations than later vent samples. However, some degassed 

blocks were found to have lower Zr concentrations than bombs lower in the stratigraphic 

succession in outer wall facies. This is interpreted as indicating a mixture of fresh and 

older stagnant (degassed) magma in the late stage eruptive products. Further evidence for 

magma mingling is provided petrographically, with most samples showing evidence of 

mixing between mafic and felsic magmas. 

6.4 PHYSICAL FEATURES OF CINDER CONES 

Cinder cones on the Lyttelton Volcano were formed by explosive basaltic eruptions caused 

by the generation and rapid expansion of gas. To erupt explosively, the pressure in the 

magma chamber needs to exceed the lithostatic pressure, and this may occur as a result of 

the exsolution of volatiles or the intrusion of new magma. Crystallisation in the magma 

chamber may also cause an increase in pressure by concentrating volatiles in the residual . 
magma. 

Eruption type (ie Hawaiian or Strombolian) was controlled by the ascent rate of the 

magma. During initial eruptions of the cones, ascent rate would have been high due to high 

vesicularities, allowing little time for coalescence of bubbles and causing the magma to 

erupt in a continuous dispersed regime (eg Hawaiian). As ascent rates decreased there was 

time for increased coalescence allowing the development of large bubbles and eruption of 

magma in a slug regime (eg Strombolian). Late stage lavas developed when the gas content 

got too low to sustain an explosive eruption. 
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The morphology of cinder cones depends on many factors including 1) total volume of 

erupted material, 2) range of median ejecta velocity, 3) ejection angles, 4) wind speed and 

direction, 5) nature and size of particles, 6) occurrence of lava overflows, 7) 

phreatomagmatic intercalculations and 8) vent geometry (Vespermann & Schmincke 

1999). These factors all contribute to the development of cinder cone but each acts in 

different degrees on different clasts, and allows cinder cones to be divided into facies (ie 

outer wall, and inner crater). In this study, four facies were recognised, based on welding, 

dip direction, block and bomb size, colour and the presence or absence of some clasts. 

6.4.1 Vent Facies 

Vent facies deposits represent early eruptive material and crater material. Deposits are 

greylblack in colour and densely welded due to rapid near vent accumulation of hot 

material. Vesicularity is low « 20%), due to secondary degassing and compaction during 

emplacement; as a consequence, clast shape is rarely preserved in the facies. Deposits 

resemble lava in most areas, with the rare occurrence of dips inward toward the eruptive 

centre a distinctive feature. 

6.4.2 Proximal Facies 

Proximal facies deposits grade from the vent deposits with a decrease in densely welded 

material to welded material and a greater preservation of clasts. Increased preservation of 

clasts is .due the deposits travelling further from the vent and hence undergoing more 

interaction with the air and thus cooling. However, clasts were still semi-fluid during 

deposition and this feature is characteristic of the facies with 80% of clasts having flattened 

shapes. Welding decreases slightly due to the decrease in accumulation rate and increase in 

cooling and flight times. The occasional development of an ash and lapilli matrix is due to 

the development of more Strombolian type eruptions. Clast vescularity ranges from 10 to 

60% and this is due to a mix a fresh and stagnant magma being erupted. Deposits nearest 

the vent are grey in colour, but with an increasing distance from the vent deposits take on a 

strong red colouration. Clast size is visibly seen to decrease with increasing distance from 

the vent from -0.8 m to -0.3 m. In places the deposits may be weakly bedded. Spatter 

flows are common in the facies and these are interpreted to have been fed from the vent 

facies by the rapid accumulation of hot fluidal material. 
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6.4.3 Medial Facies 

Medial deposits are dominated by bomb, block and lapilli beds and grade slowly from 

proximal deposits with a decrease of spatter to bedded bombs and blocks and an increase 

in a distinctive ashllapilli matrix. Clast preservation is high due to increased distance from 

the vent: this is because clasts had longer cooling periods before deposition. Flattened 

clasts only occur rarely and due to their general absence, the deposits are non-welded. 

Clast size ranges from 0.15 m-0.35 m with rare larger clasts up to 4 m, found mainly in the 

highest part of the facies. Overall, however, clast size decreases from the vent with outer 

medial material commonly ranging in size from -0.07 m-0.15 m. Due to the dominantly 

Strombolian nature of eruptions they are usually crudely bedded, with dips ranging from 

20-30°. Clasts are mainly blocks and bombs, but there is also a matrix of a fine grained ash 

and lapilli. 

6.4.4 Distal Facies 

Distal facies deposits are found furthest from the vent location and are usually yellow in 

colour due to the alteration of the dominant ash material. Deposits are dominated by ash 

but there is also a mixture of lapilli fragments and crystals. Rare bombs do occur (-0.3 m) 

and these represent clasts that have been ejected at low angles from the vent. Fine ash 

layers can also occur, and these represent occasions where the vent became blocked and 

then cleared by a eruption causing a dense ash cloud. Lap ill i fragments. are glassy and 

represent' fast coo ling due to their small size. 
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6.5 RECOMMENDATIONS FOR FUTURE WORK 

This study has found several areas of interest that need further research . 

• ~ A similar study to this one could focus on the cinder cones of Akaroa Volcano which 
seem more common than on Lyttelton. It would be of interest to see if the deposits are 
similar to those found on Lyttelton, and whether or not they show the same chemical 
evolution trends . 

• ~ The lahars mapped by Neumayr (1998) and in this study.in the Mount Cavendish area 
need further investigation. During this study it was found that they can be easily traced 
over large areas and contain a variety of clasts . 

• < The small ridge to the south of the Southern Mount Cavendish area, above the Major 
Hornbrook Track is interesting. It was mapped by Neumayr (1998) as a lahar. 
However, on closer examination it appears to be a lava flow that flowed down a very 
steep grade or over a cliff and became fragmented and blocky! . 

• E More work in the Purau Bay/ Mount Evans area is needed to define the boundary of the 
L 1/L2 lavas. A transect up the side of Mount Evans would be useful and may provide 
some insights . 

• E More dating of the pyroclastic deposits and Ll and L2lavas and dikesjs essential if we 
are to fully understand the relationship between the various events that have been 
proposed in recent studies of the evolution of Lyttelton Volcano. 
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APPENDIX 1: Air Photos 

APPENDIX 1: AIR PHOTOS 

All areas were mapped on the following air photos, which were enlarged to A3 size for the 

selected outcrop area by a laser photocopier. All areas were mapped on overlay paper which 

were then transferred to enlarged topographic maps (NZMS 260 Sheet M36 Lincoln, N36 

Akaroa) with the final maps drafted on "Corel Draw 8.0". 

Mount Cavendish and Castle Rock areas 

Run SN2634: N38, N39, N40, M42, M43, M44, M45. 

Witch Hill Scenic Reserve 

Run SN2634: L43, L44. 

Hoon Hay Park 

Run SN2634: J48, J49, J50. 

Gibraltar Rock area 

Run SN2634: 151, 152, 153, 154. 

Mount Evans area 

Run SN2634: P8, P9. PIO, Pll, P13, PI5, P16, Q7, Q8, Q9, QIO, Ql1, Q13, Q14, Q15, Q16. 
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APPENDIX 2A: SOUTHERN MOUNT CAVENDISH (see Figure 2.3 for location) 

2 

METRES 

o 
Outer medial facies. 
Deposits show little 
variation and are dominated 
by angular lapilli and ash. 
Angular, low vesicularity 
blocks are common, ranging 
from ~ 1 OOmm - 300mm. 
Large bombs are rare with 
almond uni-polar fusiform, 
and ribbon shapes, ranging 
in length from 250mm -
300mm. Distinct coarser 
bands (-300mm thick) of 
lapilli (20-50mm) define 
bedding. One distinct 
blocky band found near the 
top of the section consists of 
clasts ranging from 200-
250mm. Blocky clasts 
increase in frequency near 
the top of the section. 



APPENDIX 'lA, Measured Sections 162 

APPENDIX 28: NORTHERN MOUNT CAVENDISH (see Figure 2.5 for location) 

Densely welded spatter flow 

GRADATIONAL CONTACT 

.--SEE FIGURE 2.6C 
FOR DETAIL 

Proximal facies. Deposits 
consist of welded, flattened 
clasts with occasional round 
bombs. Average clast length 
is -350mm. Clasts are set in 
a fine grained matrix that is ~ 
well sorted and consists of ~ 
lapilli and ash. ~ 

...... GRADATIONAL CONTACT 

Densely welded spatter flow 

GRADATIONAL CONTACT 

2 

METRES 

o 
Proximal facies. Welded, 
flattened clasts dominant.' 
Average clast length is 
-400mm. Clasts are set in a 
fine grained matrix that is 
well sorted and consists of 
lapilli and ash. 

GRADATIONAL CONTACT 

Densely welded spatter flow 

GRADATIONAL CONTACT 

Proximal facies. Welded, 
flattened clasts dominant. 
Average clast length is 
-400mm. Clasts are set in a 
fine grained matrix that is 
well sorted and consists of 
lapilli and ash. 
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APPENDIX 2C: CASTLE ROCK (see Figure 2.7for1ocation) 

2 

METRES 

o 

Densely welded spatter flow 

SHARP CONTACT, SEE 
FIGURE 2.8B. 

Proximal deposits, flattened 
clasts with a average length 
of 250mm, set in a finer ash 
and lapilli matrix 

SHARP CONTACT 

Black aphyric lava 
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APPENDIX 2D: WITCH HILL SCENIC RESERVE (see Figure 2.9 for location) 

2 

METRES 

o 

Medial deposits, dominated 
by blocks and bombs. 
Average clast size decreases 
from 200rnm to IOOrnm. 
Rare large bombs and blocks 
(300mm) found near the top 
of the section. All bombs and 
blocks are set in a fine lapilli 
and ash matrix. 
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APPENDIX 2E: HOON HAY PARK (see Figure 2.11 for location) 

HOON HAY PARK 1 

2 

METRES 

o 
Medial deposits, dominated 
with bombs, that have an 
average length of -250mm. 
Occasional flattened bombs 
are also found, with all clasts 
set in a lapilli rich matrix. 

... SEE FIGURE 2.128 
+-_....... FOR DETAIL 

HOON HAY PARK 2 

2 

METRES 

o 
Welded proximal deposits, 
with dominant flattened 
clasts and occasional round 
clasts. Average clast length 
is -300mm. Clasts are set in 
a fine grained matrix that is 
well sorted and consists of 
lapilli and ash. 
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APPENDIX 2F: NORTHERN GIBRALTAR ROCK (see Figure 2.13 for location) 

2 

METRES 

o 
Outer medial deposits, 
consisting of dominantly 
well sorted, small bombs, 
blocks and lapilli. Dense 
layers of lapilli define 
bedding, and are ~ 120mm 
thick, consisting of clasts 
ranging in size from 40 -
SOmm. 

SEE FIGURE 2.14A&B 
....... f--- FOR DETAIL 

166 



APPENDIX 2A, Measured Sections 

APPENDIX 2G: SOUTHERN GIBRALTAR ROCK (see Figure 2.15 for location) 

2 

METRES 

o 
Medial deposits, dominated 
by bombs. Average bomb 
size increases up the section 
from lOOmm to 300mm. 
Only rare large bombs 
(SOOmm) found near the top 
of the section. Occasional 
flattened bombs found in 
section (-3S0mm in length). 

SEE FIGURE 2.16B 
... FOR DETAIL 

GRADATIONAL BOUNDARY 

Welded proximal deposits, 
flattened clasts dominant 
with occasional round clasts. 
Average clast length is 
-300mm. Clasts are set in a 
fine grained matrix that is 
well sorted and consists of 
lapilli and ash. Round 
bombs increase up the 
section, with welding 
decreasing. 
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APPENDIX 2H: SOUTHERN MOUNT EVANS (see Figure 2.17 for location) 

Densely welded spatter flow 

SEE FIGURE 2.18C&D 
..... 1--- FOR DETAIL 

SHARP CONTACT 

Welded proximal deposits, 
flattened clasts dominant 
with well shaped bombs 
common (eg fusiform, 
round, and ribbon). Average 
clast length is ~400mm. 

Clasts are set in a fine 
grained matrix that is well 
sorted and consists of lapilli 
and ash. 

SEE FIGURE 2.18A 
..... -- FOR DETAIL 

2 

METRES 

o 
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APPENDIX 21: NORTHERN MOUNT EVANS 1 (see Figure 2.19 for location) 

2 

METRES 

o 
Outer medial deposits, 
consisting of dominantly 
well sorted, small bombs, 
blocks and lapilli. Dense 
layers of lapilli define 
bedding, and are -150mm 
thick, consisting of clasts 
rangmg in size from 40 -
80mm. 
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APPENDIX 2J: NORTHERN MOUNT EVANS 2 (see Figure 2.21 for location) 

v 

2 

METRES 

o 

Medial deposits, consisting 
of bombs and blocks set in 
fine ash and lapilli matrix. 
Bomb size varies between 
200-400mm. Overall clast 
size decreases up the section 
with angular blocks 
becoming common. 

VERY GRADATIONAL 

Basal medial deposits, 
consisting of very small 
«20mm) lapilli and 
plagioclase and pyroxene 
crystals « 20mm). Deposits 
are well sorted. 

SEE FIGURE 2.22D 
FOR DETAIL 

SHARP CONTACT 

Black aphyric lava 
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APPENDIX 2K: NORTHERN MOUNT EVANS 3 (see Figure 2.23 for location) 

2 

METRES 

o 
Welded proximal deposits, 
flattened clasts dominant 
with occasional round clasts. 
Average clast length is 
-200mm. Clasts are set in a 
fine grained matrix that is 
well sorted and consists of 
lapilli, ash and pyroxene 
crystals. See Figure 2.21 for 
location of measured 
section. 
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APPENDIX 3A: SAMPLE ANALYSIS LIST 

I Map Ref. Location Sample Thin Section Geochem No. 

M36875352 SOUTHERN MOUNT CA VENDISH (see Qage 176 for location maQ) 
1 80mb SMC131a 31036 
2 80mb SMC131b 
3 80mb SMC331a 31037 
4 80mb SMC331b 
5 80mb 31038 
6 Bomb 31039 
7 Bomb 31040 
8 80mb 31041 
9 Bomb 31042 
10 Bomb 31043 
11 Bomb 31051 
12 Bomb SMC830a 31052 
13 Bomb SMC830b 
14 Proximal Deposit SMC1126 31053 
15 Proximal Deposit SMC21 31054 
16 Proximal Deposit 31055 
17 Distal Deposit SMC930 31056 
18 Distal Deposit SMC9301 
19 Distal Deposit SMC9302 
20 Vent Deposit SMC212 
21 Vent Deposit MC1226 
22 Lava 31045 
23 Lava 31046 
24 Lava 31047 
25 Lava 31048 
26 Lava 31049 
27 Lava 31050 
28 Dike 31044 
29 Dike 31057 
30 Vent Deposit MC99 31524 

M36 869354 NORTHERN MOUNT CAVENDISH (see Qage 177 for location maQ) 
1 Dike 31505 
2 Dike 31506 
3 Dike 31507 
7 Dike 31508 
8 Dike 31510 
9 Bomb 31511 
10 Spatter Flow DNS3 31512 
11 Vent Deposit 31513 
1280mb MC12 31514 
13 Dike 31515 
14 Proximal Deposit MC14 31516 
16 Spatter Flow MC16 31518 
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17 Spatter Flow 31519 
18 Bomb MC18 31520 
19 Bomb MC19 31521 
20 Bomb 31522 
21 Distal Deposit MC21 
22 Bomb MC22 31523 
23 Spatter Flow FEI 
24 Spatter Flow DNSI 

M36855354 CASTLE ROCK (see gage 178 for location mag) 
1 Bomb CRI 31525 
2 Proximal Deposit CR2 31526 
3 Basal Lava 31527 
4 Spatter Flow CR4 31528 
5 Proximal Deposit CR5 31529 
7 Proximal Deposit 31530 
8 Proximal Deposit CR8a&b 31531 

M36 844355 WITCH HILL SCENIC RESERVE (see gage 179 for location mag) 
1 Spatter Flow WHI 
3 Distal Deposit WH3a 
4 Bomb WH4 31532 
5 Bomb 31534 
6 Bomb WH6 31533 
8 Vent Deposit 31535 
9 Dike 31536 
11 Bomb WHll 31537 

M36 808315 HOON HAY PARK (see gage 180 for location mag) 
1 Medial Material HH 1 a& b 
2 Bomb HH2 
3 Spatter Flow 
5 Proximal Deposit HH5 
6 Dike 
8 Bomb 
9 Bomb HH9 
10 Proximal Deposit HH 1 0 
12 Bomb HH12 
13 Bomb HH13 
14 Dike 
15 Bomb 
16 Bomb 
17 Medial Material HH 17 a&b 

31538 
31539 

31540 
31541 

31542 
31543 
31544 
31545 
31546 

M36780282 NORTHERN GIBRALTAR ROCK (see page 181 for location mag) 
1 Medial Material GRl1a 
2 Bomb GRllb 31552 
3 Bomb 31553 
4 Bomb GR13 
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5 Vent Deposit 31554 
7 Proximal Deposit GR16 
8 Spatter Flow 31555 
11 Bomb GR20 
12 Proximal Deposit GR21 31556 
13 Vent Deposit GR22 31557 
15 Bomb GR24 31558 
17 Dike 31559 
181 Dike 26319 
238 Bomb 26321 

M36787267 SOUTHERN GIBRALTAR ROCK (see Qage 182 for location maQ) 
1 Bomb GR1 31547 
3 Vent Deposit GR3 31548 
4 Dike 31549 
6 Dike 31550 
8 Bomb GR8 
10 Vent Deposit 31551 

N36914267 SOUTHERN MOUNT EVANS (see Qage 183 for location maQ) 
1 Bomb 31560 
2 Bomb ES2 
4 Bomb 31561 
5 Bomb ES5 31562 
7 Medial Material ES7 a&b 
8 Spatter Flow 31563 
10 Dike 31564 
11 Dike 31565 
12 Proximal Deposit ES12 
13 Dike 31566 
14 Dike 31567 
15 Spatter Flow ES15a 31568 
43 Dike 27043 
32 Dike 27037 
18 Spatter Flow 27039 

N36914313 NORTHERN MOUNT EVANS 1 (see Qage 184 for location maQ) 
1 Medial Material EN16 
2 Proximal Deposit EN17 31579 
3 Vent Deposit EN18 31580 
4 Proximal Deposit EN19 31581 
5 Bomb EN20 31582 
6 Proximal Deposit EN21 
7 Spatter Flow 31583 
8 Bomb 31584 
9 Dike 31585 
10 Proximal Deposit EN25 31586 
11 Vent Deposit EN26 31587 
12 Distal Deposit EN27 
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99 Dike 26976 

N36925305 NORTHERN MOUNT EVANS 2 (see page 185 for location map) 
1 Dike 31569 
2 Bomb EN2 31570 
3 Distal Bomb 31571 
4 Distal Deposit EN4 
5 Bomb EN5 31572 
6 Proximal Deposit EN6 31572 
8 Basal Lava 31574 
10 Lava 31575 
11 Distal Bomb ENII 31576 
14 Dike 31577 
15 Dike 31578 

N36915298 NORTHERN MOUNT EVANS 3 (see page 186 for location map) 
1 Bomb EN29 31588 
2 Dike 31589 
3 Bomb EN31 31590 
4 Dike 31591 
5 Dike 31592 
6 Bomb EN34 
7 Bomb EN35 31593 
8 Vent Deposit 31594 
9 Dike 31595 



APPENDIX 3B: Sample Localities 176 

APPENDIX 38: SAMPLE LOCALITIES 
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APPENDIX 4A: THINSECTION DESCRIPTIONS 

Southern Mount Cavendish 

SMCI31a 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, Imm. 

Olivine: --

Clinopyroxene: -

Iron oxide: --

Vesicles: 45, Core 2mm, Rim lmm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>c1inopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): Core 80, Rim 70 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is the only phenocryst present, occurring as euhedral 
laths and angular crystals. It commonly shows oscillatory zoning, and some crystals are embayed and slightly 
corroded. Some plagioclase crystals have more sodic overgrowths. Swallow tailed plagioclase is common in 
the groundmass. 

Textural features of the rocle HolocrystaIline, porphyritic, pilotaxtic, intergranular, with occasional sub
trachytic patches occurring locally. Vesicles are dominantly spherical in the inner core, moving outwards the 
larger ones between more irregular while the smaller ones stilJ remain sphericaL 

Rock name: Hawaiite Bomb ------------------------------------------_ .. -_ ...• - ... 

SMC131 b 

Mineral and Vesicle, Abundance (% of volume), Average size: 
Plagioclase: 6, Imm. 
Olivine: -
Clinopyrox,ene: -
Iron oxide: -
Vesicles: 40, 0.5mm. 
Groundmass.(% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): Core 80, Rim 70 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase is the only phenocryst present, occurring as euhedral 
laths and angular crystals. It commonly shows oscillatory zoning, and some crystals areembayed and slightly 
corroded. Some plagioclase crystals have more sodic overgrowths. Swallow tailed plagioclase is common in 
the groundmass. 

Textu ral features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with occasional sub
trachytic patches occurring locally especially nearer the outer rim. Large vesicles are irregular in shape while 
the smaller ones remain more spherical. 

Rock name: Hawaiite Bomb 
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SMC331a 

Mineral and Vesicle, Abundance (% of'volume), Average size: 

Plagioclase: 10, 2mm. 

Olivine: -

Clinopyroxene: -

Iron oxide: -

Vesicles: 30, 0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase fonns euhedral laths and angular fragments, it is 
commonly embayed and corroded and usually has oscillatory zoning. Inclusions of apatite and magnetite are 
found in some plagioclase crystals. Olivine is seen to have cores of iddingsite overgrown by fresher olivine. 
Clinopyroxene forms euhedral crystals, of which some have inclusions of iron oxides. Swallow tailed 
plagioclase is present in groundmass. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with occasional sub
trachytic patches occurring locally. Vesicles are dominantly spherical, with only a few larger ones being 
irregular. Some vesicles appear to be infilled or lined by a identified clay mineral. 

Rock name: Hml'oiite Bomb 

SMC331b 

Mineral and Vesicle, Abundance (% of volume), Average size: 
Plagioclase: 10, 1.5mm. 

Olivine: Trace, 0.8mm. 

Clinopyroxene: --

Iron oxide: Trace, 0.6mm . . 
Vesicles: 30, 0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene) 

Composition ofthe p lagioc lase: 

Phenocryst (An%): Core 78, Rim 66 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase forms euhedral laths and angular fragments, it is 
commonly embayed and corroded and usually has oscillatory zoning. Some of the olivine is seen to have an 
unaltered core with an iddingsitised middle and a unaltered rim. Tiny clinopyroxene crystals are seen to 
mantIe a sieved magnetite crystaL Clinopyroxene occurs as small subhedral crystals. Swallow tailed 
plagioclase is present in the groundmass. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with local trachytic 
patches. Vesicles are dominantly irregular with only the very small ones being more sphericaL 

Rock name: Hml'aiile Bomb 
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SMC830a 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 5, I mm. 

Olivine: -

Clinopyroxene: 2, Imm. 

Iron Oxide: --

Vesicles: 45 (IT= 40%), lmm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase is corroded and embayed and displays no zoning. 
Clinopyroxene and magnetite are also embayed and corroded. 

Textural features of the rocl<: Hoiocrystalline, porphyritic, pilotaxtic, intergranular. Rare small glass blebs 
can be found in some vesicles. Vesicles are irregular in shape except for some of the smaller ones. Small 
mafic areas that are less crystalline also may represent magma mingling. 

Rock name: Hawaiite Bomb 

SMC830b 

Mineral and Vesicle, Abundance (% of volume), Average size: 
Plagioclase: I, I mm. 

Olivine: 1, 2mm. 

Clinopyroxene: -

Iron oxide:.2, 2mm. 

Vesicles: 35 (IT = 40%), Imm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>c1inopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase is corroded and cmbayed. Olivine is heavily altered 
to iddingsite and in places is also replaced by iron oxides (probably magnetite and/or hematite) making a thin 
reaction rim. Clinopyroxenes are embayed and corroded and some have iron oxide inclusions and some are 
also twinned. Iron oxides arc embayed, possibly by vesicle action. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Some of the vesicles 
are stretched out but most are round. 

Rock name: Hawaiite Bomb 
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SMCI126 

Mineral and Vesicle, Abundallce (% of volume), Average size: 

Plagioclase: 5, 3mm. 

Olivine: Trace, 2mm. 

Clinopyroxene: Trace, 2.5mm. 

Iron oxide: Trace, I mm. 

Vesicles: 60 (IT = 65%), 2mm. 

Groundmass (% of volume): Cryptocrystalline (too fine to be accurate, plagioclase>magnetite>olivine) 

Com position of the plagioclase: 

Phenocryst (An%): 60 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is con'oded and embayed, with cracking extensive in 
places. Plagioclase crystals are not zoned. Olivines have a iddingsite reaction rim, with smaller crystals 
completely pseudomorphed. One clinopyroxene is zoned, with a iron rich core, and paler rim. Iron oxides are 
euhedral. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are 
dominantly round, with only very large ones being deformed. 

Rock name: Hmvaiite Bomb (Proximal) 

Mineral and Vesicle, Abundance (% of volume), Average size: 
Plagioclase: 10, 2mm. 

Olivine: 3, l.5mm. 

Clinopyroxene: Trace, 1.5mm. 

Iron oxide: --

Vesicles: 3'0, O.7mm. 

Groundmass (% of volume): Plagioclase 34, Magnetite 15, Olivine 7, Apatite 1. 

Composition'of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase has oscillatory zoning and is embayed in places by 
vesicles. Apatiteinclusions are also found in plagioclase crystals, which in p laces are also sieved. Olivine is 
completely iddingsitised with only pseudomorphs remaining. Clinopyroxenes have corroded edges, are. 
embayed and some also have iron oxide inclusions. Glass is found to completely fill some small vesicles. 

Textural features of the rock: Holocrystalline, intergranular, porphyritic, pilotaxtic with trachytic patches 
occurring locally. Glass is also found in small patches in some of the larger vesicles. Vesicles are dominantly 
irregular. Some areas of the slide have the appearance of magma mingling between more mafic and felsic 
magmas. 

Rock name: Proximal Deposits (Hawaiite) 
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SMC9300 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 2, lmm. 

Olivine: I, I mm. 

Clinopyroxene: I, Imm. 

Iron oxide: I, I.5mm. 

Vesicles: 40, O.5mm. 

Groundmass (% of volume): Plagioclase 24, Magnetite 10, Glass 20 (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 30 

Textural features of individual minerals: Plagioclase is corroded with no crystals displaying any zoning. 
Olivine (F085) is cOIToded with iddingsite rims. The smaller olivine crystals are completely iddingsitised 
with only pseudomorphs remaining. Clinopyroxenes are embayed and corroded. Iron oxides are embayed. 

Textural features of the rock: Probably initially holocrystalline (holohyaIine) but altered and iron stained. 
Large dark areas are tachyJite lapiIli, distinctively unaltered and filled with tiny crystals of plagioclase. 
Vesicles are spherical in shape and are commonly filled with chabazite. In some areas vesicles are broken 
and shards only remain. 

Rock name: Dista!fapilli Tuff 
~~~~~~~~~~~~~~~~--------~~~~~~~~~~~--

SMC9301 

Mineral and Vesicle, Abundance ('10 of volume), Average size: 

Plagioclase: 5, 1.5mm. 

Olivine: 2, Imm. 

Clinopyroxene: 2, Imm. 

Iron oxide: 1, I mm. 

Vesicles: 4D, 0.3mm. 

Groundmass (% of volume): Plagioclase 30, Magnetite 10, Glass 20 (devitrified). 

Composition,of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase is embayed with oscillatory zoning. Olivine is 
corroded with iddingsite alteration rims. Clinopyroxene is twinned in places and corroded and embayed. Iron 
oxides are only corroded. 

Textural features of the rock: Probably initially holocrystalline (holohyaline) but altered and iron stained. 
Large dark areas are tachylite lapilli, distinctively unaltered and filled with tiny crystals of plagioclase. 
Vesicles are spherical in shape and are commonly filled with chabazite. In some areas vesicles are broken 
and shards only remain. Natrolite found in some vesicles. 

Rock name: Distal Lapilli Tuff 
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SMC9302 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 4, l.5mm. 

Olivine: 2, Imm. 

Clinopyroxene: I, lmm. 

Iron oxide: 2, I mm. 

Vesicles: 40, 0.3mm. 

Groundmass (% of volume): Plagioclase 25, Magnetite 10, Glass 16 (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase has a interesting sieve texture in one phenocryst, with 
all other crystals embayed and displaying oscillatory zoning. Olivine is corroded, embayed and has alteration 
rims of iddingsite. Good example of a iron rich (green) augite. Iron oxides are only corroded. 

Textural features of the rock: Probably initially holocrystalline (holohyaline) but altered and iron stained. 
Large dark areas are tachylite lapilli, distinctively unaltered and filled with tiny crystals of plagioclase. 
Vesicles are spherical in shape and are commonly filled with chabazite. In some areas vesicles are broken 
and shards only remain. NatroIite found in some vesicles. 

Rock nome: Distal Lapilli Tuff. 

SMC212 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 8, 2mm. 

Olivine: 4, Imm. 

Clinopyroxene: 5, 1 mm. 

Iron oxide: 2, Imm. 

Vesicles: 20, 0.5mm. 

Groundmass ("I" of volume): Plagioclase 32, Magnetite 22, Olivine 7, Clinopyroxene 5, Apatite 2. 

Composition 'of the plagioclase: 

Phenocryst (An%): Core 80, Rim 60 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase is embayed and corroded and commonly shows 
oscillatory zoning. Some plagioclase phenocrysts also show sieve textures. Olivine is embayed and corroded 
with iddingsite alteration rims, smaller crystals are completely pseudomorphed and more euhedral., 
Clinopyroxene is embayed and corroded and one crystal is a distinct pale green (iron rich). Iron oxides form 
euhedral crystals that are probably magnetite. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with local trachytic 
patches. All vesicles are irregular in shape. Possibly more evidence of magma mingling between felsic and 
mafic magmas, felsic magma is more vesicular. Natrolite is also found lining some vesicles; it is stained an 
orange colour. 

Rock name: Vent Deposit (Hawaiite) 
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SMC]226 

Mineral and Vesicle, Abundance ('i'" of volume), Average size: 

Plagioclase: 8, 1.5mm. 

Olivine: 4, lmm. 

Clinopyroxene: 4, 1mm 

Iron oxide: 2, 1mm. 

Vesicles: 20, 0.5mm. 

Groundmass (% of volume); Plagioclase 30, Magnetite 20, Olivine 5, Clinopyroxene 5, Apatite 2. 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 48 

Textural features of individual minerals: Plagioclase is corroded and has oscillatory zoning. Olivine is 
strongly altered with reaction rims of mostly iddingsite and some bowlingite, Smaller olivine crystals are 
complete pseudomorphs. Clinopyroxene is corroded and embayed with some crystal displaying a fine sieving 
around their edges. Iron oxides are only corroded but one crystal displays a skeletal texture. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with local trachytic 
patches. All vesicles are irregular in shape. 

Rock name: Vent Deposit (Hawaiite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1.5mm. 

Olivine: 1, Imm. 

Clinopyroxene: 2, 0.8mm. 

Iron oxide: 1, 0.7mm . . 
Vesicles: 20, OAmm. 

Groundmass ("Ir, of volume): Plagioclase 32, Magnetite 22, Olivine 5, Clinopyroxene 4, Apatite 3. 

Composition 'of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase has oscillatory zoning and overgrows some smaller 
phenocrysts. Some of plagioclase crystals are corroded while others are euhedral. Olivine is strongly altered 
to iddingsite with mostly only pseudomorphs present. Clinopyroxene is twinned and corroded while the iron 
oxides are only corroded. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with local trachytic 
patches. All vesicles are irregular in shape. 

Rock name: Vent Deposit (HGli'Oiite) 
~--------------------
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Northern Mount Cavendish 

Mineral and Vesicle, Abundance (% of volume), Average size; 

Plagioclase: 7, lmm. 

Olivine: I,O.5mm. 

Clinopyroxene: 4, O.8mm. 

Iron oxide: Trace, 0.6mm. 

Vesicles: 35, 0.8mm. 

Groundmass (% of volume): Cryptocrystalline (plag/alkali feldspar>magnetite>cIinopyroxene>apatite). 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 45 

195 

Textural features of individual minerals: Plagioclase is euhedral and also forms angular fragments, some 
crystals display oscillatory zoning. Swallow tailed plagioclase is common in the groundmass. Sieve textures 
are also present in some crystals of plagioclase. Olivine is completely replaced by iddingsite. Clinopyroxene 
is corroded and embayed with iron oxide inclusions. Some clinopyroxene crystals have a greenish colour 
indicating that they are more iron rich and some also display simple twinning. Iron oxides are mostly found 
as inclusio~s, with the crystals found outside in the groundmass being mostly corroded. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Glass is found to be 
infilling some vesicles along with chabazite. There is also another unidentified mineraloid filling some 
vesicles it is most probably a smectite clay of some sort. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 8, 1.5mm. 

Olivine: 4, O.6mm . . 
Clinopyroxene: 3, O.7mm. 

Iron oxide: 1, Imm. 

Vesicles: 40, 0.7mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>c1inopyroxene). 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 32 

Textural features of individual minerals: Plagioclase crystals are embayed, corroded and sieved, with 
swallow tailed examples common in the groundmass. Normal zoning in plagioclase is common. Olivine 
displays iron oxide alteration, and is completely pseudomorphed. by hematite and/or magnetite. 
Clinopyroxenes are embayed, and corroded with iron oxide inclusions. Iron oxides are typically corroded. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are 
dominantly spherical with larger ones showing more deformation. Vesicles can be seen to be filled in with 
glass in places. 

Rock name: Proximal Deposit (Mugearite) 



APPENDIX 4A, ThifJsecliofJ 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 2mm. 

Olivine: Trace, 0.5mm. 

Clinopyroxene: 8, I mm. 

Iron oxide: 2, Imm. 

Vesicles: 30, 0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plag/alkali feldspar>magnetite>clinopyroxene>apatite). 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 32 

Textural features of individual minerals: Plagioclase is extensively embayed and corroded with oscillatory 
zoning shown by some phenocrysts. Some plagioclase crystals though are quite euhedral, with swallow tailed 
examples common in the groundmass. Larger crystals of olivine have been completely replaced by iron 
oxides., probably hematite and/or magnetite. Some crystals are also replaced by bowlingite. Clinopyroxenes 
are altered in places in fibrous mineral, and are embayed and corroded. Iron oxides are embayed and 
corroded. A011hopyroxene crystal is also found in is subhedral in shape. Apatite phenocrysts rare, commoner 
in groundlI)ass. 

Textural features of the roclG Holocrystalline, porphyritic, pilotaxtic, intergranuJar. Vesicles are irregular 
in shape. Possible evidence of mixing of more felsic and mafic magmas. Chabazite in vesicles is common. 

Rocl{ name: Proxima/deposit (Mugearite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 1, 0.7mm. 

Olivine: --

Clinopyroxene: 5, 0.8mm. 

Iron oxide: 1, 0.5mm. 

Vesicles: 3"5, 0.3mm. 

Groundmass (% of volume): Cryptocrystalline (plag/alkali feldspar>magnetite>clinopyroxene>apatite) 

Composition' of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase crystals are sieved with embayments, and corroded 
edges common. Some crystals display oscillatory zoning while others are unzoned. Swallow tails in 
groundmass. Clinopyroxenes display thin red to black reaction rims. Jron oxides are embayed and corroded. 

Textural features of the rock Holocrystalline, porphyritic, pilotaxtic, intergranular,. with subtrachytic to 
trachytic patches. Vesicles are dominantly irregular in shape and are also seen in some areas to be lined with 
smectite clays. 

Rock name: Spalter Flow (Mugearite) 



APPENDIX 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, I.Smm. 

Olivine: Trace, 0.9mm. 

Clinopyroxene: 5, Imm. 

Iron oxide: I, O.Smm. 

Vesicles: 40, O.Smm. 

Groundmass (% of volume): Cryptocrystalline (plag/alkali feldspar>magnetite>clinopyroxene>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 6S 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase is un zoned, and is corroded and embayed. Swallow 
tailed plagioclase is common in the groundmass. Olivine is altered to hematite and/or magnetite. 
Clinopyroxene are embayed and corroded. One clinopyroxene crystal has a thick red reaction rim, while 
others display a thinner rim. A few of the clinopyroxene crystals are zoned, ie darker rims. Iron oxides are 
corroded and some are skeletal. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are mostly 
spherical but some of the larger ones are irregular in shape. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: IS, I.Smm. 

Olivine: -

Clinopyroxene: 7, Imm. 

Iron oxide:.2, lmm. 

Vesicles: 3S, O.Smm. 

Groundmass (% of volume): Cryptocrystalline (plaglalkali feldspar>magnetite>clinopyroxene>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 6S 

Groundmass (An%): 30 

Textural features of indiyidual minerals: Plagioclase is dominantly euhedral with large crystals 
extensively crack and corroded. Some of the crystals also display reverse zoning. Clinopyroxene is embayed 
and corroded, with thin reaction rims. Some clinopyroxene crystals are also twinned. Iron oxides are usually 
corroded and embayed. There is one large magnetite crystal that has an excellent skeletal texture. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular with sub-trachytic 
areas. Vesicles are dominantly spherical in smaller sizes and irregular in larger sizes. Chabazite also lines 
most of the vesicles. 

Rock name: A111georite Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: IS, I.Smm. 

Olivine: -

Clinopyroxene: 3, I mm. 

Iron oxide: 2, I mm. 

Vesicles: 2S, O.Smm. 

Groundmass (% of volume): Plagioclase IS, Magnetite 5, Glass 3S (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 49 

Textural featui-es of individual minerals: Large plagioclase crystals are corroded and embayed with some 
crystals displaying oscillatory zoning. Some crystals display no zoning while others are only overgrown with 
thin sodic rims. Clinopyroxene is typically corroded and embayed. Iron oxides are embayed and corroded. 
Crystals generally appear to be broken. 

Textural features of the rock: Hypocrystalline (glass rich 20-50%), vitrophyric, intersertal. Glass infilling 
some vesicles and in other areas occurs as long stretched out segments. Chabazite is seen in most of the 
spherical vesicles. Vesicles are also seen to be responsible for causing embayments in some of the crystals. 
Smectite clays line some of the vesicles. 

Rock name: Distal Lapilli Tuff 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1 mm. 

Olivine: Trace, 0.5mm. 

Clinopyroxene: 5, 0.5mm. 

Iron oxide: -• . 
Vesicles: 40, O.Smm 

Groundmass (% of volume): Clyptocrystalline (plagioclase/alkali feldspar>magnetite>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase is corroded and embayed with some crystals 
displaying oscillatory and reverse zoning. Plagioclase crystals are also seen in places to have iron oxide and 
clinopyroxene inclusions. Swallow tailed plagioclase can be found in the groundmass. Olivine in the 
groundmass forms tiny iddingsite pseudomorphs. Clinopyroxene is typically corroded and embayed. Apatite 
microphenocrysts are rare, with apatite more common in the ground mass. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, sub-trachytic areas. 
Natrolite can be found in some of the vesicles, which are mostly round with a few irregular. 

Rock name: "'""",n .. " Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 7, 1.2mm. 

Olivine: --

Clinopyroxene: 4, 0.7nun. 

Iron oxide: 7, 0.5mm. 

Vesicles: 35 (IT = 32%), O.5mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>c1inopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 72 

Groundmass (An%): 42 

Textural features of individual minerals: Plagioclase is sieved, but not zoned, with corrosion rare. 
Swallow tailed plagioclase can be found in the groundmass. Clinopyroxene is commonly twinned with 
orange reaction rims. Clinopyroxene is also found to be corroded and embayed. [ron oxides are corroded and 
embayed. 

Textural features of the rock: HolocrystalIine, porphyritic, pilotaxtic. intergranular, with sub-trachytic 
areas. Bands of larger spherical vesicles inbetween finer irregular ones. Chabazite can be found in some 
vesicles. 

Rock name: Spatter Flow (Mugearite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 2mm. 

Olivine: 1, 0.9mm. 

Clinopyroxene: 5, 0.5mm. 

Iron oxide:-l, 0.8mm. 

Vesicles: 35.0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>c1inopyroxene) 

Composition ofthe plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 48 

Textural features of individual minerals: Plagioclase is embayed and corroded (some euhedral), displays 
no zoning, with rare crystals that are sieved. Olivine is only present as pseudomorphs of iddingsite. 
Clinopyroxenes are well shaped, with larger crystals embayed and twinned. Iron oxides are con-oded and 
em bayed. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with .sub-trachytic 
areas. Bands of larger spherical vesicles inbetween finer irregular ones. Chabazite can be found in some 
vesicles. 

Hock name: Mugearite Spatter Flow 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 2mm 

Olivine: Trace, O.Smm. 

Clinopyroxene: 7, L5mm. 

Iron oxide: 4, 0.8mm. 

Vesicles: 25, O.3mm. 

Groundrriass (% of volume): Cryptocrystalline (plaglalkali feldspar>magnetite>clinopyroxene>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 45 

Textu ra I features of ind ividual minerals: Some plagioclase crystal s are oscillatory zoned, some are also 
sieved, with corrosion, and embayments common. Some crystals however are more euhedral and unzoned. 
Olivine is completely replaced by iddingsite. Clinopyroxene is embayed, corroded, zoned and in some areas 
ophitic. Iron oxides are embayed and corroded. Large rounded clinopyroxene crystal. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Local areas of mafic 
and trachytic felsic patches. Biotite and chabazite are seen in the vesicles, which are irregular. 

Rock name: Mugearite Spatter Flow 

Castle Rock 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 2, Umm. 

Olivine: 1, 0.9rnm. 

Clinopyroxene: Trace, O.Smm. 

Tron oxide: --

Vesicles: 40, O.6mm . . 
Groundmass (% of volume): Cryptocrystalline (plagio/alkali feldspar>magnetite>clinopyroxene>apatite) 

Com position of the plagioclase: 

Phenocryst (An%): 67 

Groundmass (An%): 44 

Textural features of individual minerals: Plagioclase crystals are corroded, embayed and overgrown by 
more sodic plagioclase. Swallow tails are commonly found in the groundmass. Olivine is altered to a 
iddingsite and bowlingite, varying in amounts from rims to complete pseudomorphs. Some olivine crystals 
are also have more opaque areas that appear to be either hematite and/or magnetite. One crystal of 
clinopyroxene is zoned most are subhedral though and unzoned. Tron oxides are corroded with most 
subhedral in shape. Apatite needles common. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, more felsic areas have 
a trachytic texture. Vesicles vary in shape and size with larger ones more deformed and smaller ones. more 
spherical. Large ones can be seen in some areas to be stretched parallel to the trachytic texture. Chabazite and 
natrolite are found in some vesicles. 

Rock JUline: Proximal Deposit (Alugearite) 
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CR4 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, I mm. 

Olivine: Trace, 2mm. 

Clinopyroxene: I, O.9mm. 

Iron oxide: Trace, O.8mm. 

Vesicles: 0 (dense flow). 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is conoded and embayed, some crystals are euhedral. 
None of crystals are zoned, but some have small opaque inclusions. Olivine is conoded with iddingsite 
pseudomorphs common in the ground mass. Clinopyroxene is conoded, as are iron oxides. 

Textura I features of the rock; Holocrystalline, porphyritic, intergranular, pilotaxtic, with trachytic textures 
common i~ some areas. Some areas have a strong LPO developed. Biotite is rarely found in the groundmass. 

Rock name: Hawaiite Spatter Flow 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 3, Imm. 

Olivine: -

Clinopyroxene: ], O.7mm. 

Iron oxide:.2, O.6mm. 

Vesicles: 30, 0.3mm. 

Groundmass (% of volume): Cryptocrystalline (plagio/alkali feldspar>magnetite>clinopyroxene>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 60 

Groundmass (An%): N/A (Alkali Feldspar) 

Textural features of individual minerals: Plagioclase sieved, cOlToded, embayed with some crystals also 
displaying overgrowths of more sodic plagioclase. One crystal displays oscillatory zoning. Clinopyroxene is_, 
corroded with a thin reddy orange alteration rim common. There is also one example of a iron rich crystal.
[ron oxides are corroded. Apatite microphenocrysts occur occasionally on the edges of the plagioclase 
crystals. 

Textural features of the rock: HoJocrystalline, porphyritic, sub-trachytic. Vesicles are dominantly ilTegular. 

Roel;; name: Proximal Deposit (Benmoreite) 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 3, 1.2mm. 

Olivine: 1, Imm. 

Clinopyroxene: 1, 0.8mm. 

Iron oxide: 1, 0.6mm. 

Vesicles: 25, 0.8mm. 

Gmundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 48 

202 

Textural features of individual minerals: Plagioclase is normally zoned, and also displays corrosion and 
embayments. Olivine is completely altered (pseudomorphs) to iddingsite and iron oxides. Clinopyroxene is 
subhedral and commonly has iron oxide inclusions and some display ophitic textures. There is one example 
of clinopyroxene displaying zoning. Tron oxides are usually con·oded. 

Textura I features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with sub-trachytic 
textures occurring nearer the edge of the slide. Vesicles are very irregular, although some of the smaller ones 
are more spherical. 

Rock name: Proximal Deposit (H'!l~v~a~ii~te-',v,-----________________________ _ 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 3, 2.5mm. 

Olivine: 1, 0.9mm. 

Clinopyroxene: 1, I mm. 

Iron oxide:-], 0.8mm. 

Vesicles: 25, 0.6mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%); 42 

Textural features of individual minerals: Plagioclase crystals are corroded, embayed, with some displaying 
oscillatory zoning. Swallow tails can also be seen in the ground mass. Olivine is completely altered. 
(pseudomorphs) to iddingsite and iron oxides. Clinopyroxene commonly have iron oxide inclusions and some 
display ophitic textures. There are some examples of clinopyroxene displaying zoning. Iron oxides are 
usually corroded and embayed. 

Textural features of the rocI{: Holocrystalline, porphyritic, pilotaxtic. Vesicles are very irregular, although 
some of the smaller ones are more spherical. Chabazite also occurs in some vesicles. 

Rock name: Proximal Deposit (Hmvaiite) 
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Witch Hill Scenic Reserve 

WHI 

Mineral and Vesicle, Abundance (% ofvolumc), Average size: 

Plagioclase: 5, 1 mm. 

Olivine: 2, I mm. 

Clinopyroxene: 3, 0.5mm. 

Iron oxide --

Vesicles: 35, 0.4mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 60 

Groundmass (An%): 50 

203 

Textural features of individual minerals: Plagioclase phenocrysts show no zoning, with most being 
conoded and sieved. Plagioclase in the ground mass commonly has swallow tail textures. Olivine is 
completely altered to iddingsite with only pseudomorphs remaining. Clinopyroxene is corroded and embayed 
and has a orange reaction rim. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, inter granular. Darker patches have a 
trachytic texture and are vesicle poor. Vesicles are generally irregular in shape. 

Rock name: Spatter Flow (Hawaiite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 8, 1.5mm. 

Olivine --

Clinopyroxene: 4, Imm. 

Iron oxide --. 
Vesicles: 33, 0.5mm. 

Groundmass (% ofvoJume): Plagioclase 10, Magnetite 3, Clinopyroxene 2, Glass 40 (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is heavily cracked with most crystals conoded, 
embayed and some are also sieved. Plagioclase crystals in the groundmass display swallow tail textures. 
Clinopyroxene phenocrysts have a orange reaction rim and some display zoning and fresher overgrowths.· 
Iron oxides are conoded and embayed. 

Textural features of the rock: Hypocrystalline (glass rich), vitrophyric, intersertal. Shards of glass in the 
matrix. Some vesicles completely filled with glass (amygdales). Vesicles are dominantly spherical in shape. 

Rock name: Distal Lapilli Tuff 
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WH4 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, 2mm. 

Olivine --

Clinopyroxene: 3, Imm. 

Iron oxide: Trace, Imm. 

Vesicles: 40, 1.5mm (core), OAmm (rim). 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition of tile plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 58 

Textural features of individual minerals: Plagioclase is corroded, embayed and with some crystals 
displaying oscillatory zoning and sieving. Some crystals however are more euhedral and some are unzoned. 
Clinopyroxene is corroded and altered. Plagioclase in the groundmass displays swallow tail textures. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are seen in 
places to be causing the embayments. Black/reddy blebs, opaque, occur in some vesicles (maybe hematite). 
Large vesicles are irregular in shape while smaller ones are more spherical. 

Rock name: HawaNte Bomb 

WH6 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 7, 1.5mm. 

Olivine I, 0.9mm. 

Clinopyroxene: 3, 1 mm. 

Iron oxide: 1, lmm. 

Vesicles: 40 (IT= 37%), Imm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition' of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 45 

Textural features of individual minera Is: Plagioclase phenocrysts are mostly corroded, however some are 
euhedral. Olivines are altered to iron oxides (hematite and/or magnetite), and are still euhedral in shape. 
Clinopyroxene has a orange alteration rim and is corroded. Iron oxides are only corroded. 

Textul'al features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, sub-trachytic in places. 
Glass occurs in some vesicles (amygdales). Vesicles are spherical in smaller sizes and become more irregular 
in larger sizes. 

Rock name: HawaWe Bomb 



APPENDIX 4A, Thinsection Descriptions 

Mineral and Vesicle, Abundance (% of vol lime), Average size: 

Plagioclase: 7, 2mm. 

Olivine 1, 1 mm. 

Clinopyroxene: I, Imm. 

Tron oxide: 1, Imm. 

Vesicles: 40 (IT = 36%), 0.9mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 45 
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Textural features of individual minerals: Plagioclase phenocrysts are mostly corroded, embayed and 
sieved, some however show wavy oscillatory zoning. Swallow tailed texture is common in the groundmass. 
Olivine is completely replaced by iron oxide products (hematite and/or magnetite) with euhedral 
pseudomorphs only remaining. Clinopyroxene is corroded with alteration rims. Iron oxides are only 
corroded. 

Textural features of the rock: HolocrystaJline, porphyritic, pilotaxtic, intergranular, sub-trachytic in places. 
Vesicles are dominantly spherical, appearing in bands in places. Large vesicles are more deformed and 
irregular in shape. 

Rock name: Hawaiite Bomb 

L-H_o_o_n_H~aY,--P_a_rk ____________________________ ---LI_ 
RHI 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: Trace, O.Smm. 

Olivine: --

Clinopyro>Oene: -

Iron oxide: -

Vesicles: 30, 0.6mm. 

Groundmass (% of volume): Plagioclase 25, Magnetite 5, Glass 40 (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): 42 

Textural features of individual minerals: Plagioclase only occurs as small microlites. Iron oxides form 
small euhedral to subhedral crystals. There are no other minerals present. 

Textural features of the rock: Highly altered, probably hypocrystalline and intersertal but difficult to tell 
with so much alteration. Plagioclase is not altered though. Chabazite lines vesicles of which they are 
dominantly spherical in shape. 

Rock name: Distal Lapilli Tuff 



APPENDIX 4A, Thinseclion Oe:scnptlc)ns 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: IS, I. I mm. 

Olivine: 2, 0.7mm. 

Clinopyroxene: 2, 0.6mm. 

Tron oxide: --

Vesicles: 15, O.7mm. 

Groundmass (% of volume): Cryptocrystalline (plagio/alkali feldspar>magnetite>clinopyroxene>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 46 

Groundmass (An%): 34 

Textural features of individual minerals: Plagioclase is euhedral to subhedral in shape, with minor 
corrosion. Some crystals display normal and oscillatory zoning. Olivine has been completely replaced by 
iddingsite with pseudomorphs only remaining. Clinopyroxene, is subhedral in shape and one crystal is 
twinned. Iron oxides show signs of corrosion but most are euhedral. Round apatite crystals found as smaJJ 
inclusions in plagioclase. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Phenocrysts of 
dominant euhedral shapes occur in more mafic patches with a sweeping trachytic texture. Natrolite can be 
seen radiating in some vesicles. Vesicles are dominantly spherical in shape, although irregulars one do rarely 
occur. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 7, 1.2mm. 

Olivine: I, O.8mm. 

Clinopyroxene: 2, O.9mm. 

Iron oxide: 2, O.7mm. 

Vesicles: 2~'>, O.4mm. 

Groundmass (% of volume): Plagioclase 35, Magnetite 20, Amphibole 3, Orange mineraloid 5. 

Composition'of the plagioclase: 

Phenocryst (An%): 48 

Groundmass (An%): 38 

Textural features of individual minerals: Plagioclase is corroded and embayed, with some crystals 
displaying oscil1atory zoning. Some crystals are also euhedral and unzoned. Only iddingsite pseudomorphs of 
olivine remain. Clinopyroxene crystals have iron oxide inclusions, and some also display simple twinning .. 
Iron oxides are commonly corroded. Amphibole is also occurs in trace amounts. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, sub-trachytic. Signs of mingling, with 
denser felsic and more vesicular mafic ares. Glomeroporphyritic texture common. Vesicles are irregular in 
shape. 

Rock name: Proxima! Deposit (Mugearite) 



APPENDIX 4A, Thinsection Descriptions 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, I mm. 

Olivine: J, 0.6m. 

Clinopyroxene: -

Iron oxide: 2, 0.5mm. 

Vesicles: 20, O.3mm (felsic), 15, OAmm (mafic). 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 45 

Groundmass (An%): 37 
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Textural features of individual minerals: Plagioclase is embayed and corroded with oscillatory zoning 
present in some phenocrysts. Swallow tails are common in the groundmass. Olivine is totally replaced by 
iddingsite with only pseudomorphs remaining. Occasionally olivine is also altered to iron oxides. Iron oxides 
occur as euhedral angular crystals. 

Textural featUres of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with felsic areas 
displaying a trachytic texture. Vesicles are mostly spherical in felsic areas, with overall larger ones becoming 
more deformed. Magma mingling evident. Natrolite and chabazite present in some vesicles. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: J J, Imm. 

Olivine: --

Clinopyroxene: 1, 0.7mm. 

Iron oxide: I, 0.5mm. 

Vesicles: 28, 0.6mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>cl inopyroxene) 

Composition ofthe plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): N/A 

Textural features of individual minerals: Plagioclase margins are sieved, with some crystals displaying 
oscillatory zoning. Overgrowths of more sodic plagioclase are common and some crystals also appear to have 
been broken. Clinopyroxene is twinned in some crystals and have orange alteration rims. Clinopyroxene has 
inclusions of iron oxide and plagioclase (ophitic). Iron oxides are subhedral in shape. 

Textural features of the rocl<: Holocrystalline, porphyritic, pilotaxtic, intergranular. Crystals appear broken. 
Some occur in glomeroporphyritic clusters. Vesicles are dominantly spherical with only the larger ones being 
more deformed. 

Rock name: Proximal Deposit (A1ugearite) 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, 1 mm. 

Olivine: --

Clinopyroxene: Trace, O.5mm. 

Iron oxide: 4, O.6mm. 

Vesicles: 25, OAmm. 

Groundmass (1)/0 of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>clinopyroxcnc) 

Composition of the plagioclase: 

Phenocryst (An%): 45 

Groundmass (An%): 34 

Textural features of individual minerals: Plagioclase arc slightly deformed and are even broken in places. 
Some crystals are euhedral while others are sieved. Normal zoning appears commonly. Some clinopyroxene 
crystals display a iron oxide rim (7). Iron oxides are generally sub-euhedral and there are also examples of 
corrosion and embayments. 

Textural features of the rocl.: Holocrystalline, porphyritic, pilotaxtic, intergranular.Vesicies are very 
irregular. 

Rock name: A1ugearife Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1.6mm. 

Olivine: 2, 1.5mm. 

Clinopyroxene: 3, 1.3mm. 

Iron oxide:"1, O.6mm. 

Vesicles: 35, O.6mm. 

G roundmass'(% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>clinopyroxene) 

Composition ofthe plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 47 

Textural features of individual minerals: Plagioclase is embayed and con'oded with lesser amounts of 
euhedral crystals, Oscillatory is common along with sieving in plagioclase. Olivine is altered to iddingsite 
with only pseudomorphs remaining. Clinopyroxene is corroded and embayed and some crystals are twinned, 
Less common is sieving ofthe clinopyroxene crystal face, and iron oxide inclusions. 

Textura I features of the rock: Holocrystalline, porphyritic, pilotaxtic, inter granular. This sample is very 
crystalline. Orange material lining some vesicles is possibly a clay mineral or stained zeolite (low RI). 
Vesic I es are spherical in shape. 

Rock name: Hmwliile Bomb 



APPENDIX 4A, Thinseclion 

Mineral and Vesicle, Abundance (% ofvo!ume). Average size: 

Plagioclase: ] 0, 1.1 mm. 

Olivine: 2, 1.1 mm. 

Clinopyroxene: 6, 1.2mm. 

Iron oxide: I, OAmm. 

Vesicles: 25, O.5mm. 

Groundmass (% of volume): Cryptocrystalline (Glass (devitrified»plagioclase>iron oxides) 

Composition of the plagioclase: 

Phenocryst (An%): 72 

Groundmass (An%): 46 

Textural features of individual minerals: Plagioclase is sieved, overgrown by sodic plagioclase, with some 
crystals displaying oscillatory zoning. Some crystals also appear to be broken (?) and many display 
embayments. Olivine is highly altered with pseudomorphs of iddingsite common, some crystals also appear 
as if they are sieved. Clinopyroxene crystals are sieved, corroded, overgrown, embayed, and some have 
reaction rims. Many clinopyroxene crystals also display iron oxide inclusions and ophitic textures. Iron 
oxides crystals are dominantly euhedral but some are corroded and embayed. 

Textural features of the rock: Hypocrystalline (glass-rich), vitrophyric, intersertaL Vesicles are dominantly 
sphericaL 

Rock name: Medial Matrix Tuff 

Northern Gibraltar Rock. 

Mineral and Vesicle, Abundance ('Yo of volume), Average size: 

Plagioclase: -

Olivine: -

Clinopyroxene: --

Iron oxide: -. (No phenocrysts) 

Vesicles: 45, Q.5mm. 

Groundmass (% of volume): Cryptocrystalline (Glass (devitrified»plagioclase>iron oxides) 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): 46 

Textural features of individual minerals: Plagioclase crystals in the groundmass commonly have swallow 
tailed shapes. Olivine and clinopyroxene are heavily altered and stained by iron. [ron oxides occur as small 
angular fragments. 

Textural featu res of the roc\{: Hypocrystalline (glass-rich) which is very altered, intersertal, hyalopilitic. 
Vesicles are dominantly circular and infilled with unidentified zeolites and smectite clays. 

Rock name: Medial Matrix 
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GRl3 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: Trace, 1.2mm. 

Olivine: --

Clinopyroxene: -

Iron oxide: --

Vesicles: 25, 0.3mm. 

G round mass (% of volume): Cryptocrystalline (plaglalkali feldspar>magnetite>clinopyroxene, apatite tr) 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): 40 

Textural features of individual minerals: Plagioclase crystals are unzoned and in the groundmass displays 
swallow tailed forms. Overall this slide is very fine grained 

Textural features of the rock: Holocrystalline, pilotaxtic, intergranular, sub trachytic patches. Magma 
mingling is evident with denser and more vesicular patches mixed together. Glass is found in some of the 
vesicles along with chabazite. Large vesicles are more deformed with smaller ones being more spherical. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 2, 1.2mm. 

Olivine: I, 0.8mm. 

Clinopyroxene: --

Iron oxide: I, 0.6mm . . 
Vesicles: 30, O.3mm. 

G round mass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene, apatite trace) 

Com position of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase is corroded and em bayed, with swallow tail textures 
common in the groundmass. Olivine is completely replaced by iddingsite and_or bowlingite and iron oxides 
with pseudomorphs only remaining. Iron oxides are euhedral and some have small embayments. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, sub-trachytic in places. 
Magma mingling is evident with areas of felsic mixed with more vesicular mafic areas. Glass infills some 
vesicles, as does chabazite. Vesicles varying shape with large ones being more deformed and smaller ones 
being more spherical. 

Rock name: Hmvaiite BOl1lb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: -

Olivine: -

Clinopyroxene: -

Iron oxide: --

Vesicles: 30, OArnm. 

G round mass (% of volume): Cryptocrystalline (plagio/alkali feldspar>magnetite>c1inopyroxene, apatite tr) 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundrnass (An%): 48 

Textural features of individual minerals: Plagioclase crystals are unzoned, while III the groundrnass 
commonly show swallow tail textures. 

Textural n~atures of the rock: Holocrystalline, pilotaxtic, strong trachytic textures in areas. Magma 
mingling with mafic finely vesicular areas and more felsic trachytic crystalline areas. Natrolite is seen to 
occur in some areas. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, lmm. 

Olivine: --

Clinopyro~ene: Trace, I mm. 

Iron oxide: 1, 0.6mrn. 

Vesicles: 15 (iT = 22%), 0.2rnm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 73 

Groundmass (An%): 43 

Textural features of individual minerals: Plagioclase is corroded, embayed, sieved, with some larger. 
crystals having oscillatory zoning. Swallow tailed plagioclase is common in the ground mass. Clinopyroxene 
is subhedral in shape and has iron oxide inclusions. Iron oxides are sieved and corroded. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with trachytic areas. 
Magma mingling with mixing between mafic and felsic areas. Vesicles are irregular in shape. 

Rock name: Proximal 
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GR22 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 12, Imm. 

Olivine: 3, I mm. 

Clinopyroxene: -

IrOll oxide: 4, O.5mm. 

Vesicles: 10, O.mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 78 

Groundmass (An%): 47 

Textural features of individual minerals: Plagioclase is sieved, embayed, corroded with some crystals 
more euhedral in shape. Some crystals also exhibit oscillatory zoning. Olivine is completely altered being 
replaced by iddingsite and bowlingite. Iron oxides are embayed. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, very altered. Swallow 
tails in ,groundmass. Vesicles lined with orange identified mineraloid (possibly a stained zeolite but more 
likely to be smectite clay). 

Rock name: Vent Deposit (Hawaiite) 

L-__________ ~ __ s_o_u_th_e_m_G_l_·b_ra_l_ta_r_R_o_c_k ____________ ____J1 ___ 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 15, 1.9mm. 

Olivine: 5, 1.2mm. 

Cllnopyroxene: 4, 0.9mm . . 
Iron oxide: 1, O.Smm. 

Vesicles: 20, O.Smm. 

G round mass (% of volum e): Cryptocrystalline (plagioclase>magnetite>olivine>c1inopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 82 

Groundmass (An%): 55 

Textural features of individual minerals: Plagioclase crystals are embayed and corroded, with one large 
crystal also displaying oscillatory zoning. Olivine is completely replaced by iddingsite and also hematite in 
places. Clinopyroxenes are twinned, ophitic and sub-ophitic with iron oxide inclusions, and corrosion and 
embayments common. Iron oxides are typically cOiToded. 

Textural features of the rock: Holocrystalline, pilotaxtic, porphyritic, intergranular. Large. vesicles are 
deformed with smaller ones more spherical. Calcite is found completely infilling some vesicles (amygdales). 

Rock name: Basalt Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 15, 1 mm. 

Olivine: 5, Imm. 

Clinopyroxene: 6, O.8mm. 

Iron oxide: 3, O.6mm. 

Vesicles: 4, O.2mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>clinopyroxene>olivine) 

Composition of the plagioclase: 

Phenocryst (An%): 73 

Groundmass (An%): 5 I 

Textural features of individual minerals: Plagioclase is corroded, sieved and has some crystals displaying 
oscillatory zoning. Olivine has been totally replaced by bowlingite and iddingsite. Clinopyroxene crystals are 
commonly twinned, and corroded with iron oxide inclusions also occurring. Some clinopyroxene crystals 
also have an ophitic texture. Iron oxides are subhedral to euhedral, showing signs of corrosion. 

Textural features of the rocle Holocrystalline, porphyritic, intergranular and has three xenocrysts. 
Xenocrysts appear as if they are made up offeldspars. The groundmass also displays a sub-trachytic-trachytic 
texture. Vesicles are infilJed with a unidentifiable mixture of clays and zeolites. Very unusual alteration 
product, appears to affect olivine, it is probably just bowlingite but occurs in great massed and appears 
almost opaque. 

Rock name: Vent Deposit (Hawaiite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 13, 1.8mm. 

Olivine: 4, 1.9mm. 

Clinopyroxene: 3, O.6mm. 

Iron oxide:'2, 1.2mm. 

Vesicles: 30, O.6mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 82 

Groundmass (An%): 52 

Textural features of individual minerals: Plagioclase is corroded, with smaller crystals more euhedral in 
shape, there is one example of oscillatory zoning. Olivine is totally replaced by iddingsite and/or bowlingite, 
with some crystals displaying opaque rims. Clinopyroxenes are twinned, some are zoned, with most showing 
signs of corrosion and orange reaction rims. Iron oxides are corroded and subhedral. 

Textural features of the rock Holocrystalline, porphyritic, pilotaxtic, intergranular. Large vesicles are 
deformed with smaller vesicles isolated and more spherical. 

Rock name: Basalt Bomb 
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Southern Mount Evans 

ES2 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, 1.2mm. 

Olivine: Trace, 1.4mm. 

Clinopyroxene: Trace, O.6mm. 

Iron oxide: I, 0.7mm. 

Vesicles: 35, 0.6mm. 

Groundmass (% of volume): Cryptocrystalline (plag/alkali feldspar>magnetite>olivine>clinopyroxene) 

Composition of the plagioclase: 

Phenocryst (An%): 67 

Groundmass (An%); 45 

Textural features of individual minerals: Plagioclase crystals are mostly corroded with a few more 
euhedraL Some crystals also display oscillatory zoning with most normally zoned. Olivine is completely 
altered to iron oxides (probably hematite and/or magnetite). Clinopyroxenes are corroded and some are also 
twinned. Iron oxides are twinned. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Shows signs of magma 
mingling with very spherical areas of vesicles and more irregular areas. Chabazite also occurs in some 
vesicles and others are filled with glass. 

Rock name: Mugearite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: -

Olivine: -

Clinopyroxene: -

Iron oxide: --

Vesicles: 40, 0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): 4& 

Textural features of individual minerals: Very fined grained, no phenocrysts (aphyric). Occasional 
swallow tailed plagioclase can be seen in the groundmass. 

Textural features of the rock: HoJocrystalline, with possibly magma mixing of felsic trachytic areas and 
more mafic non-vesicular areas. At the very edge of the slide is a quartz xenolith. Large vesicles are 
deformed while smaller vesicles remain more spherical. 

Rock name: Mugearite Bomb 
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ES7a+b 

Mineral and Vesicle, Abundance (% ofvolumc), Average size: 

Plagioclase: 2, 1.5mm. 

OLivine: I, O.8mm. 

Clinopyroxene: 2, 0.7mm. 

Iron oxide: I, 1.1 mm. 

Vesicles: 40, 0.3mm. 

Groundmass (% of volume): Plagioclase 20, Magnetite 12, Glass (devitrified) 22. 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 49 

Textural features of individual minerals: One plagioclase crystal has inclusions of iron oxides, augite, and 
apatite and others also display oscillatory zoning. Some plagioclase crystals also appear as if they are broken. 
Olivine is totally replaced by iddingsite. Clinopyroxene crystals have rounded edges, some are twinned, some 
have iron oxides parallel to cleavage, and some have a ophitic texture. Some clinopyroxene crystals are 
embayed have some have a greenish colouration suggesting iron enrichment. Iron oxides are embayed, and 
some show evidence that nearby vesicles may have been responsible. 

Textural features of the rock: Hypocrystalline, vitrophyric, intersertal, with angular shards representing 
broken vesicles common. The whole slide appears as if it has been stained by iron discolouration. Vesicles 
are spherical, and commonly infilled with chabazite. 

Rock name: Medial Matrix Tuff 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: -

Olivine: -

Clinopyroxene: -

Iron oxide: --

Vesicles: 20, OAmm. 

Groundmass' (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite tr) 

Composition of the plagioclase: 

Phenocryst (An%): N/A 

Groundmass (An%): 47 

Textural features of individual minerals: Very fine grained, small crystals of plagioclase III the 
groundmass have swallow tailed texture. 

Textural features of the rock: Holocrystalline, porphyritic, very fine grained. 

Rock name: Proximal Deposit (AIligearite) 
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ES15a 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 1, 1 Amm. 

Olivine: Trace, 2mm. 

Clinopyroxene: -

Iron oxide: 1, 0.6Imn. 

Vesicles: 2, OAmm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 78 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase crystals are euhedral to subhedral and show no 
zoning. Swallow tailed plagioclase is common in the groundmass. Olivine is completely replaced by 
iddingsite. Iron oxides are euhedral to subhedral. 

Textural features ofthe rock: Holocrystalline, porphyritic, intergranular, with fine-grained trachytic texture 
well developed. 

Rock name: Spatter Flow (Mugearite) 

Northern Mount Evans 1 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 4, IAmm. 

Olivine: 0.5, 1.7mm. 

Clinopyroxene: --

Iron oxide: 1, I.Imm. 

Vesicles: 35, 9.5mm. 

Groundmass (% of volume): Plagioclase 16, Magnetite 8, Glass (devitrified) 35. 

Composition of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase crystals are broken, corroded, overgrown, and one 
crystal displays oscillatory zoning. Complete replacement of olivine or clinopyroxene by a fibrous creamy 
brown mineral. It is most likely to be olivine since it is so susceptible to weathering. Iron oxides are generally 
corroded. 

Textural features of the rock: Hypocrystalline (glass rich), intersertal, vitrophyric, with a sub-trachytic 
texture developed locally. Glassy groundmass, lots of broken shards, and chabazite dominating in the 
infilling of vesicles, (amygdales). Vesicles are dominantly spherical in shape. 

Rock name: Medial Matrix 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1.9mm. 

Olivine: Trace, 1.1 mm. 

Clinopyroxene: Trace, 0.6mm. 

Iron oxide: 3, 0.3mm. 

Vesicles: 20 (IT = 28%), OAmm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase crystals are embayed and some display oscillatory 
zoning. Other crystals are overgrown by more sodic rims, and some small euhedral crystals have no zoning at 
all. Olivine is totally altered to iddingsite with pseudomorphs only remaining. Clinopyroxene crystals are 
corroded and some have developed thin reaction rims. Iron oxides are corroded and some appear to have 
been embayed by vesicles. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are irregular in 
shape. 

Rock name: Spatter Flow (Hawaiite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1.1 mm. 

Olivine: 2, lmm. 

Clinopyroxene: 2, 0.5mm. 

Iron oxide:.I, D.5mm. 

Vesicles: 20, 0.3mm. 

Groundmass (% of volume): Cryptocrystalline (plag>magnetite>olivine>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): (Felsic) 40, (Mafic) 50 

Textural features of individual minerals: Plagioclase is embayed and some crystals display oscillatory 
zoning. Swallow tails can also be seen in the matrix. Olivine is totally replaced by iddingsite with fibrous. 
pseUdomorphs only remaining. Clinopyroxene is embayed and corroded. Iron oxide crystals are corroded .. 
Small round orthopyroxene crystals can also be seen. 

Textural features of the rock: Holocrystal1ine, porphyritic, pilotaxtic, intergranular. Vesicles are irregular 
and small. Darker more mafic areas have a better defined trachytic texture suggesting possibly magma 
mixing. 

Rock name: Vellt Deposit (Hmmiitej 
-----
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 10, 1.3mm. 

Olivine: I, 1 mm. 

Clinopyroxene: Trace, 2.5mm. 

Iron oxide: 1, O,8mm. 

Vesicles: 30, 0.5mm. 

Groundmass (% of volume): Cryptocrystalline (plag>magnetite>olivine>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 50 

Textural features of individual minerals: Plagioclase crystals are corroded and embayed, sieved and have 
swallow tails in the groundmass. Olivine is altered to hematite and/or magnetite with euhedral crystals 
remaining Clinopyroxene crystals are cOIToded as are iron oxide crystals. 

Textural features of the rock Holocrystalline, porphyritic, pilotaxtic, intergranular, with strong trachytic 
areas in one half of the slide. Vesicles are ilTegular in larger sizes and more spherical in smaller sizes. 
Chabazite i's commonly seen to infill most vesicles. 

Rocl< name: Hawaiite Bomb 
------------------------

Mineral and Vesicle, Abundance (% ofvolume), Average size:, 

Plagioclase: 10, 1.2mm. 

Olivine: Trace, O.8mm. 

Clinopyroxene: Trace, O.7mm. 

Iron oxide: Trace, O.6mm. 

Vesicles: 3) (IT = 49%), O.6mm. 

Groundmass (% of volume): Cryptocrystalline (plag>magnetite>olivine>clinopyroxene, apatite trace) 

Composition 'of the plagioclase: 

Phenocryst (An%): 72 

Groundmass (An%): 48 

Textural features of individual minerals: Plagioclase is corroded and embayed (some evidence by 
vesicles), with some crystals showing oscillatory zoning. Groundmass plagioclase commonly shows swallow 
tailed textures. Olivine is completely replaced by hematite and magnetite and clinopyroxene crystals 
commonly have a thin red reaction rim. Tron oxides are rare. 

Textural features of the rock Holocrystalline, porphyritic, pilotaxtic, intergranular, local trachytic areas. 
Vesicles are dominantly spherical, and are commonly infilled with chabazite. 

Rock name: Hawaiite Bomb 
--------------------------------------------------------------
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Minen:!1 and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 6, 1.8mm. 

Olivine: Trace, 0.9mm. 

Clinopyroxene: 1, I mm. 

Iron oxide: 2, 1.5mm. 

Vesicles: 30 (iT = 26%), 0.6mm. 

Groundmass (% of volume): Plagioclase 30, Magnetite 20, Clinopyroxene II. 

Composition of the plagioclase: 

PhenoClyst (An%): 75 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase crystals are embayed, overgrown and some display 
oscillatory zoning. Olivine is replaced by hematite and magnetite. Clinopyroxene crystals commonly have 
reddy orange reaction rims present. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are 
dominantly irregular in shape. Signs of magma mixing between felsic les vesicular magma and more 
vesicular mafic magmas. 

Rock name: Proximal Deposit (Hawaiite) 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 5, 1.5mm. 

Olivine: 2, Imm. 

Clinopyroxene: 1, 0.5mm. 

Iron oxide:' I, O.4mm. 

Vesicles: 5, O.lmm. 

Groundmass
C

(% of volume): Plagioclase 35, Magnetite 25, Olivine 8, Clinopyroxene 8, Apatite 10. 

Composition of the plagioclase: 

Phenocryst (An%): 75 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is commonly corroded and emabyed, however there 
are examples of more euhedral crystals. Some plagioclase crystals also display oscillatory zoning. Olivine is

c 

totally replaced by iddingsite, with pseudomorphs only remaining. Clinopyroxene is embayed and corroded, 
as are most iro~ oxide crystals. Some iron oxides also display sieving. Amphibole also occurs in a trace 
amount. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Biotite is commonly 
seen infilling some of the vesicles and there is some evidence for magma mingling. 

Rock name: Vent Deposit (Hawaiite) 
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Mineral and Vesicle, Abundance (% ofvo]ume), Average size: 

Plagioclase: 4, D.8mm. 

Olivine: 2, hnm. 

Clinopyroxene: --

Iron oxide: --

Vesicles: 35, O.3mm. 

Groundmass (% of volume): Plagioclase 15, Magnetite 5, Clinopyroxene 1, Glass 40 (devitrified). 

Composition of the plagioclase: 

Phenocryst (An%): 66 

Groundmass (An%): 43 

Textural features of individual minerals: Plagioclase is commonly corroded and embayed, with a few 
crystals displaying oscillatory zoning. Swallow tails are common in plagioclase in the groundmass. Olivine is 
totally replaced by iddingsite with pseudomorphs only remaining, some are also corroded. 

Textural features of the rock: Hypocrystalline (glass rich), vitrophyric, intersertal, hyalopilitic, with glass 
also commpnly seen to infill some vesicles. Tachylite lapilli fragments are also easily seen that contain small 
microlites. 

Rock name: Distal Lapilli Tuff 

Northern Mount Evans 2 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 7, O.9mm. 

Olivine: Trace, O.6mm . . 
Clinopyroxene: 2, O.8mm. 

Iron oxide: 1, OAmm. 

Vesicles: 50, D.lmm, O.8mm (Bimodal) 

Groundmass (% of volume): Cryptocrystalline (plag>magnetite>olivine>clinopyroxene, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 79 

Groundmass (An%): 51 

Textural features of individual minerals: Plagioclase is embayed by vesicles and some crystals are 
corroded while others are euhedral. Swallow tailed plagioclase is common in the groundmass. Plagioclase 
clystals are unzoned. Olivine is completely altered to iddingsite, with pseudomorphs common. 
Clinopyroxene is commonly corroded with twinned crystals rare. Iron oxides are corroded. Orthopyroxene 
occurs as a small rounded crystaL 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Mingling evident 
between high vesicular and low vesicular areas. 

Rock name: Basalt Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 15, 1.2mm. 

Olivine: 4, 0.8mm. 

Clinopyroxene: 6, 1.0mm. 

Iron oxide: 2, 0.6mm. 

Vesicles: 10, 0.2mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 72 

Groundmass (An%): 48 

Textural features of individual minerals: Plagioclase crystals are mostly corroded, although some are a lot 
more euhedraL One very large plagioclase crystal has oscillatory zoning. Swallow tailed plagioclase is 
common in the grollndmass. Olivine is completely replaced by iddingsite. Clinopyroxene is seen to be 
em bayed by vesicles, and is corroded with rare ophitic textures. Iron oxides are corroded and embayed. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are very small 
and therefore are all spherical. 

Rock name: Shoshonire Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 3, O.4mm. 

Olivine: Trace, 0.2mm. 

Clinopyroxene: 4, 0.6I11m. 

Iron oxide: 1, OAmm. 

Vesicles: Ill,0.2mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition' of the plagioclase: 

Phenocryst (An%): 65 

Groundmass (An%): 47 

Textural features of individual minerals: Plagioclase is euhedral in shape commonly and normally zoned. 
Olivine is totally replaced by iddingsite and pseudomorphs only remain. Clinopyroxene is twinned in some 
examples and has inclusions of magnetite and plagioclase (ophitic) in others. Iron oxides are corroded. 
Apatite microphenocrysts are also found as round inclusions in plagioclase. 

Textu ral featu res of the rock: Holocrystall ine, porphyritic, pilotaxtic, intergranular. Reddy ares a lot more 
vesicular than more mafic areas. Glass infilling some vesicles along with chabazite in others. Vesicle are 
ilTegular in shape. 

Rock name: Shoshonite Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 8, Imm. 

Olivine: Trace, OAmm. 

Clinopyroxene: 2, 0.9mm. 

Iron oxide: I, 0.6mm. 

Vesicles: 25, O.2mm (tuff), 10, 0.7mm (bomb). 

Groundmass (% of volume): Cryptocrysta11ine (plagioclase/alkali feldspar>magnetite>olivine>apatite) 

Composition of the plagioclase: 

Phenocryst (An%): 71 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase crystals are cOlToded and embayed, although some 
crystals are more euhedra!. Some crystals are zoned and swallow tailed textures are common in the 
groundmass. Olivine is completely replaced by iddingsite. Clinopyroxene crystals are cOlToded and embayed, 
some are twinned and most have a thin brown reaction rim. Iron oxides are corroded. Apatite inclusions in 
plagioclase. 

Textural features of the rock: This slide has been cut at the boundary between a bomb and a distallapilli 
tuff. The tuff contains tachylite lapilli fragments set in a devitrified groundmass. The bomb is holocrystalline, 
porphyritic, pilotaxtic, intergranular. Smectite clays are seen to line some vesicles. Large vesicles are 
deformed, smaller ones are spherical. 

Rock name: Distal Lapi/Ii Tuff! Latite Bomb 

Northern Mount Evans 3 

EN29 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 3, 1.5mm. 

Olivine: Trace, O.5mm . . 
Clinopyroxene: I, Imm. 

Iron oxide: I, O.9mm. 

Vesicles: 45, I.lmm. 

____ ----LI. H 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene, apatite 
trace) 

Composition of the plagioclase: 

Phenocryst (An%): 67 

Groundmass (An%): 49 

Textural features of individual minerals: Plagioclase is corroded and embayed and some crystals have 
overgrowths of ' more sodic plagioclase. Olivine is replaced by hematite and magnetite. Clinopyroxene is 
commonly corroded, embayed, and has a orange alteration rim. Iron oxides are corroded. 

Textural features of the rocl;:: Holocrystalline porphyritic, pilotaxtic, intergranular. Large vesicles are more 
irregular in shape and smaller ones are more spherical. Vesicles are commonly infilled with chabazite .. 

Rocl, name: Hawaiite Bomb 
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Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 2, l.1mm. 

Olivine: -

Clinopyroxene: I, I mm. 

Iron oxide: Trace, 2,mm. 

Vesicles: 35, I mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine>clinopyroxene, apatite 
trace) 

Composition of the plagioclase: 

Phenocryst (An%): 68 

Groundmass (An%): 43 

Textural features of individual minerals: Plagioclase crystals are commonly corroded and embayed, with 
smaller crystals commonly more euhedral. Plagioclase crystals are not zoned. Clinopyroxene is embayed and 
corroded along with iron oxides. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular, with local trachytic 
areas. Vesicles are dominantly spherical but are more flattened near edge of the slide (rim of the bomb). 
Chabazite is commonly found infilling some of the vesicles. 

Rock name: Hmvaiite Bomb 

Mineral and Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 2, 2mm. 

Olivine: -

Clinopyroxene: -

Iron oxide:.--

Vesicles: 60, 0.9mm. 

Groundmass (% of volume): Cryptocrystalline (plagioclase>magnetite>olivine, apatite trace) 

Composition of the plagioclase: 

Phenocryst (An%): 70 

Groundmass (An%): 4& 

Textural features of individual minerals: Plagioclase is the only phenocryst phase. One large crystal is 
seen to have oscillatory zoning, with most crystals being corroded. 

Textural features of the rocle Holocrystalline, porphyritic, pilotaxtic, intergranular. Vesicles are irregular 
in shape when large and more spherical when smaller. Chabazite is commonly seen to infill most of the 
vesicles. 

Rock name: Hawaiite Bomb 
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Mineral aud Vesicle, Abundance (% of volume), Average size: 

Plagioclase: 5, 2.7mm. 

Olivine: 3, 0.7mm. 

Clinopyroxene: 2, 0.8mm. 

lron oxide: 1, lmm. 

Vesicles: 20, 0.6mm. 

Groundmass (% of volume): Plagioclase 30, Magnetite 20, Olivine 10, Clinopyroxene 9. 

Composition of the plagioclase: 

Phenocryst (An%): 52 

Groundmass (An%): 45 

Textural features of individual minerals: Plagioclase is sieved, embayed and corroded and commonly 
shows normal zoning. Olivine is sieved, embayed and corroded and commonly has a iddingsite alteration 
rim, along with complete pseudomorphs. Clinopyroxene is embayed and also has a strong alteration rim. Iron 
oxides are sieved. There is one plagioclase crystal that displays hourglass/sector zoning. 

Textural features of the rock: Holocrystalline, porphyritic, pilotaxtic, intergranular. Note the closeness of 
the groundmass and phenocryst An%, this is reflected in the slide with most of the phenocrysts sieved 
extensively. Chabazite commonly infills most of the vesicle. Vesicles are dominantly circular. 

Roc!\: name: Hmvaiite Bomb 
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APPENDIX 48: VES PERCENTAG 

Vesicle estimates were initially done visually, and then 9 slides were selected to be stained 

with a blue dye. Stained slides were then scanned in at 300dpi using a slide scanner, and 

saved as a bitmap image (ipg format). Slide images were then imported into "Corel 

Photopaint" and cropped to remove any areas where vesicles had not been stained (eg air 

bubbles). Images were then exported in a tiff format. The digitised image was analysed 

with the 'UTHSCSA Image Tool' program l
. The colour image (Appendix Figure 1) was 

converted to a grey scale image and manually thresholded to find that grey-scale range 

corresponding to a certain colour. This threshold was used to obtain a black/white image 

(Appendix Figure 2) at which a black white pixel count resulted in a percentage of the 

investigated thin section object (Appendix Table 1). The results are given in Appendix 4D. 

I rmage Tool' was developed at the University of Texas Health Science Centre at Sat Antonio, Texas and is 
available from the Intemet by anonymous FTP fttp:llmaxrad6.uthscsa.edu. 



APPENDIX 4B; Vesicle Percentages 

Appendix Figure 1. Slide EN 20, showing vesicles stained blue. 

Appendix Figure 2. Black and white pixel image after threshold. 

Appendix Table 1. Results of black and white pixel counts from 'Image Tool'. 

Mean 
Black count 
975216.00 

White Count 
950947.00 

Black % 
50.63 

White % 
49.37 

??6 
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APPENDIX 4C: VESICLE PERCENTAGES 

Sample Number 

EN25 

GR21 

SMC1126 

ENl7 

FEl 

WHll 

Sample 
Type 

S£atteifloW 

Visual 
Estimate 

Image Analyser 
Estimates 

36.93 

18.85 

20.58 

27.67 

28.64 

23.46 

20.67 

22.32 

19.6 

26.33 

64.11 

66.7 

57.2 
68.66 

71.05 

26.55 

25.98 

29.87 

30.21 

31.79 

31.79 

38.05 

27.13 

32.29 

40.89 

33.73 

32.12 

36.47 

38.9 

41.48 

Difference 

3,.6 Oyer 
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WH6 
37.88 
33.13 

36.18 

35.78 

EN20 50.63 

55.06 
43.67 
49.74 

47 

14.2 T.Jild¢!f 

SMC830 38.35 
38.52 

32.61 
48.52 

40.77 
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APPEJ\IDIX 5A: EOCHEMICAL METHODS 

Sample Preparation 

112 samples were selected for geochemical analysis from over 150 collected samples from 

all sites and facies. Each sample was described in the field and allocated a field number. 

Samples were then cut with a diamond saw into 5-8 cm cubes. All signs of alteration were 

removed and samples were also cleaned using a diamond lap, to remove any tungsten 

carbide that may have become embedded in the samples. Eac~ sample was then thoroughly 

cleaned under running tap water to remove any loose material. Samples where then placed 

on clean paper and left to dry overnight. Some of the more porous samples had to be 

placed in an oven at ~ 108°C and left overnight. Samples were then crushed in a hydraulic 

crusher into angular fragments ranging in size from 20-2 mm. The crushed sample was 

then placed into a tungsten carbide ring mill (Tema Mill) and ground into a powder. The 

powder was then placed in a clean labelled plastic bag. After each sample was crushed and 

milled both machines were thoroughly cleaned using convectional methods. 

Pressed powder pellets, for trace analysis were made by mixing 11 g of ground rock 

powder with ~ 18 drops of 7% Mowiol solution. The mixture for each sample was then 

hydraulically pressed into 40 mm pellets and allowed to dry overnight. Samples were 

labelled and placed into sealed individual bags, that were also labelled. All equipment was 

cleaned thoroughly between each sample. 

Fusion beads for major element analysis were produced usmg a Fusilux fusion bead 

casting furriace. The furnace was heated to 1030 °C, upon which four platinum crucibles 

were placed into and agitated for 30 seconds. The crucibles were then removed and 

allowed to cool to room temperature (about six minutes). All four crucibles were then 

weighed separately before adding 6.98 g of flux to each crucible and reweighing. Three of 

the crucibles then had 1.3 g of dried rock powder added to them and were then again 

reweighed. Three micro-spatulas of ammonium nitrate were then added to three crucibles 

which had the rock powder in them. Three drops of ammonium iodide solution was then 

added to each of the rock samples before all samples were placed back into the furnace. 

The crucibles were then agitated for 15 minutes before being removed and allowed to cool 

down to room temperature (~ 20 minutes). Samples were then reweighed to calculate loss 
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on ignition, with all crucibles then placed back into the furnace for a further 10 minutes. 

After 6 minutes the crucible with only flux was removed and turned on it side to allow the 

molten flux to chill against the side of the crucible (for easier removal). After 10 minutes 

each crucible is removed and poured into a mould that has been heating in the furnace for 

ten minutes. Moulds were then air cooled for 8 minutes, inverted to release each sample, 

with samples then being placed in labelled self-seal plastic bags. All samples were stored 

in an ailtight container until analysis. Crucibles were cleaned by placing then in an 

ultrasonic bath for 10 minutes, before being washed in tap water to remove any fragments. 

Crucibles and moulds were then placed in a beaker of simmering 15% citric acid for 30 

minutes. Crucibles and moulds were then removed and washed in tap water again, and 

thoroughly dried with paper towels. Once this had been done the whole process was 

repeated for the next batch. 

Sample Analysis 

Samples were analysed by technician Stephen Brown usmg a Philips PW2400 X-ray 

Fluorescence spectrometer. The spectrometer is calibrated using sets of intemational 

standards that have been certified. Fusion beads (major elements) and pressed powder 

pellets (trace elements) were irradiated with a rhodium end window tube operating at 

50kV/55mA and 60kV/46mA, respectively. Measurement programs and calibration details 

were accessed via a computer linked to the spectrometer. 

. 
Data Presenlation 

The data inc Appendices 5B & 5C is raw data, with total iron given as Fe203. Some values 

are less than values (eg < 3) and this indicates that these quantities are falling below the 

detection limit of the spectrometer. Major elements were recalculated so that totals added 

up to 100.00 without loss on ignition before being plotted in Figures 4.1,4.2, 4.5, 4.6, 4.11. 

Total iron (eg Fe203) was also recalculated to FeO and Fez03 before being plotted on the. 

AFM diagram (Figure 4.3). 



5B:GEOC 
Sam lie No. 31036 31037 31038 31039 31040 31041 31042 31043 31044 31045 31046 31047 

Type Bomb Bomb Bomb Bomb • Bomb Bomb Bomb Bomb Dike Lava Lava Lava 
Name Hawaiite Hawaiite Hawaiite Hawaiite Hawaiite Hawaiite Hawaiite Hawaiite Hawaiite Mugearite Mugearite Trachyte 

Location SMC SMC SMC SMC SMC SMC SMC SMC SMC SMC SMC SMC 
Si02 47.77 49.49 49.72 48.92 50 49.69 48.85 50.07 49.97 5 .83 51.71 6436 
Ti02 3.19 2.85 2.8 2.92 2.83 2.8 2.9 2.79 2.99 2.26 2.28 0.94 

AI203 16.66 15.44 15.43 15.88 15.66 15.6 16.23 15.53 15.56 15.64 15.88 16.53 
Fe203 14.69 13.53 14.02 13.47 13.77 14.27 13.53 13.69 12.97 13.15 5.23 
MnO 0.24 0.21 0.21 0.2 0.17 0.19 0.19 0.18 0.21 0.15 0.17 0.04 
MgO 2.68 3.85 3.88 3.6 3.05 3.59 3.02 3.25 3.11 2.85 2.62 0.57 
CaO 7.25 8.13 8.06 7.96 7.79 7.89 6.86 7.6 7.41 6.75 6.46 3.02 

Na20 3.6 3.95 3.92 3.92 4.31 3.9 3.8] 4.2 4.41 4.29 4.35 4.3 
K20 1.31 LSI 1.61 1.34 1.61 1.39 1.67 1.72 1.78 2.11 2.14 4.05 
P205 0.85 0.83 0.83 0.8 0.84 0.78 0.85 0.82 0.86 0.88 0.89 0.25 
lLOi 1.94 0.22 0.08 0.5 1.31 0.56 1.49 0.33 0.22 0.29 0.4 0.69 
Total 100.18 100.02 99.95 100.05 100.03 110.14 100.14 100.01 100.19 100 100.06 99.98 

V 119 120 119 122 131 119 114 118 132 79 86 49 
Cr 4 24 26 17 39 32 30 28 8 16 40 6 
Ni 10 16 18 16 16 19 32 21 9 14 13 4 
Zn 145 143 140 143 133 133 134 127 127 145 J58 82 
Zr 363 325 319 335 320 323 333 322 335 366 377 458 

Nb 82 73 72 75 72 72 75 72 74 66 68 42 

Ba 426 380 365 423 376 410 382 360 377 1002 743 770 
La 55 52 47 58 46 48 42 50 48 59 59 63 

Ce 112 88 87 96 99 93 97 93 96 115 112 108 

Nd 54 41 32 31 44 44 42 38 51 48 48 49 

Ga 26 25 25 26 25 25 25 24 26 26 27 26 

Pb 1 4 3 4 3 2 4 2 3 7 5 19 

Rb 13 25 28 17 26 16 35 36 36 49 48 155 

Sr 547 562 557 569 565 569 511 556 529 495 499 314 

4 4 6 3 7 6 5 5 7 8 8 17 

Y 48 42 44 44 47 43 39 42 41 48 51 34 



31048 31049 31050 31051 31052 31053 31054 31055 31056 31057 31524 I 31505 31506 
Lava Lava Lava Bomb Bomb Proximal Proximal Distal Dike Vent Dike Dike 

Hawaiite Hawaiite Trachyte Hawaiite Hawaiite Mugearite Hawaiite Hawaiite Basalt Hawaiite Hawaiite Mugearite Mugearite 
SMC SMC SMC SMC SMC SMC SMC SMC SMC SMC SMC MC MC 
49.48 50.7 65.25 49.52 49.38 50.67 50.64 50.13 48.15 50.22 50.04 52.9 53.41 
2.63 2.78 0.91 2.86 2.78 2.74 2.74 2.85 2.91 2.96 2.75 2.06 2.57 
19.08 15.68 16.25 15.33 15.49 15.78 15.48 15.48 14.88 15.24 15.78 16.67 17.73 
11.65 12.97 5.05 13.51 13.91 12.76 13.41 13.41 15.15 13.54 13.49 10.07 8.55 
0.14 0.16 0.04 0.21 0.21 0.15 0.2 0.21 0.19 0.2 0.19 0.15 0.11 
2.3 2.71 0.37 3.86 3.12 2.9 3.5 3.76 4.29 3.26 3.31 3.06 .75 

7.51 7.27 2.85 8.14 7.71 7.51 7.21 7.98 5.23 7.63 7.47 6.64 6.93 
4.02 4.67 4.38 3.83 4.3 4.3 4.61 4.51 3.02 4.45 4.61 4.72 4.97 
1.42 1.82 4.02 1.57 1.69 1.71 1.73 1.62 1.14 1.73 1.64 2.41 2.04 
0.64 0.86 0.24 0.82 0.85 0.78 0.81 0.82 0.61 0.84 0.81 0.66 0.98 
1.25 0.39 0.75 0.31 0.58 0.73 -OJ -0.71 4.62 0.07 0.04 0.69 1.27 

.,<,,, 

100.! 99.98 100.11 99.94 100 100.03 100.22 100.04 100.17 100.13 100.14 100.03 100.29 

139 119 47 129 108 103 132 120 100 129 136 79 77 

9 27 6 21 28 35 31 22 33 6 31 37 13 
13 13 3 17 27 25 24 15 34 10 23 36 13 

109 146 87 143 131 135 143 136 143 138 133 102 135 
248 344 457 324 332 336 343 318 331 331 325 401 395 

55 76 41 73 74 74 76 71 72 74 72 88 87 

328 372 766 426 385 348 355 352 253 371 419 636 562 

36 48 63 45 49 42 50 44 49 44 44 58 54 

79 108 107 99 94 97 97 95 106 102 82 114 113 
40 46 61 52 65 63 70 55 59 44 48 45 50 

25 25 25 24 24 24 24 24 22 26 24 24 28 
2 1 19 1 1 1 1 4 2 5 1 6 3 

23 41 153 26 33 36 38 32 24 35 30 51 45 
619 543 309 561 552 532 531 542 507 530 549 636 705 

3 5 20 5 4 4 5 6 6 4 7 9 9 
27 43 38 43 44 44 43 42 45 42 43 38 42 



31507 31508 31510 31511 31512 31513 

Dike Dike Dike Bomb Spatter. Vent 
Benmoreite Mugearite Mugearite Mugearite Mugearite Mugearite 

Me Me Me Me Me Me 

58.12 51.32 53.81 55.05 53.19 51.07 

0.78 2.31 2.24 1.86 2.19 2.28 
20.07 17.74 15.23 14.83 15.63 17.31 

5.47 10.16 12.53 12.86 12.07 12.17 

0.09 0.11 0.13 0.18 0.14 0.15 

0.94 2.59 1.78 1.47 2.43 2.56 

4.02 7.63 6.1 5.36 6.7 6.71 

6.09 4.4 4.58 4.38 4.35 4.2 

3.11 1.9 2.09 2.17 1.97 1.73 

0.31 0.82 0.77 0.65 0.77 0.59 

1.44 1.29 1 1.51 0.84 1.63 

100.44 100.26 100.24 100.32 100.28 100.4 

12 112 73 20 113 I"" .).) 

6 16 3 3 27 17 

5 23 3 5 16 26 

125 107 145 180 140 125 

579 291 414 469 352 351 

93 69 75 85 65 63 

703 567 576 637 481 469 

90 51 47 46 41 48 

129 95 109 124 88 97 

46 38 49 54 46 48 

28 25 26 28 26 28 

!O 4 5 6 7 6 

96 36 43 39 42 19 

837 676 459 441 483 482 

1 8 7 10 6 10 

39 37 52 57 44 47 

31514 31515 31516 

Bomb Dike Proximal 

Mugearite Hawaiite Mugearite 

Me Me Me 

52.14 49.56 50.21 

2.13 2.7 2.37 

15.97 15.44 17.4 

9.93 13.43 12.92 

0.21 0.22 0.2 

2.08 3.9 1.96 
8.59 7.55 6.3 

3.79 4.19 3.91 

1.79 1.66 2.03 

2.02 0.79 0.86 

1.55 1.01 

100.19 100.44 100A1 

110 138 105 

13 28 17 

9 25 28 

143 132 149 

385 314 363 

71 69 67 

546 421 579 

50 40 53 

104 81 99 

53 40 56 

26 24 27 

8 2 6 

44 29 53 

510 636 474 

7 3 8 
50 42 51 

31517 31518 

Proximal Spatter 

Mugearite Mugearite 

Me Me 

53.24 52.86 

2.19 2.07 

16.25 15.94 

12.33 12.15 

0.17 0.26 

1.88 2.29 

5.55 6.26 

4.4 4.51 

2.3 2.26 

0.83 0.82 

1.27 0.87 

100A 100.29 

84 58 

14 12 

18 21 

146 164 

374 402 

70 69 

534 656 

52 63 

94 96 

52 64 

27 27 

7 7 

68 44 

440 465 

9 10 
47 73 

31519 

Spatter 

Mugearite 
Me 

54.41 
2.07 
15.88 
11.39 

0.15 
1.95 
5.78 

4.65 

2.27 

0.71 

1.12 

100.36 

88 

11 

10 

144 
394 

72 

574 

43 

94 

46 

26 

9 

63 

453 

8 
44 
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31520 31521 31522 31523 31525 31526 31527 
Bomb Bomb Bomb Bomb Bomb . Proximal Lava 

Mugearite Mugearite Mugearite Mugearite Mugearite Mugearite Mugearite 
MC MC MC MC CASTLE CASTLE CASTLE 

52.18 51.89 52.42 53.7 50.58 51.92 51.32 
2.31 2.33 2.13 2.12 3.01 2.58 2.57 
16.21 16.58 15.66 15.77 15.7 15.03 14.87 
12.17 12.41 12.27 J 1.36 14.19 13.55 13.99 
0.23 0.19 0.19 0.17 0.22 0.14 0.32 
2.26 2.21 2.31 2.44 2.12 2.09 2.07 
6.94 6.94 6.18 6.71 5.94 6.04 6.22 
4.17 4.32 4.38 4.11 4.03 4.28 4.25 
1.88 1.92 2.18 1.88 1.91 2.03 2.05 
0.79 0.73 0.87 0.77 0.75 1 0.98 
1.12 0.78 1.74 1.19 1.84 1.32 1.71 

100.26 100.29 100.32 100.22 100.28 99.98 100.34 

120 103 71 105 174 107 114 
24 22 10 12 3 3 3 
22 19 13 7 3 3 3 
135 140 146 155 151 159 164 
331 333 380 384 355 388 383 
62 63 72 72 68 73 70 

559 489 583 544 493 538 639 
48 43 42 53 42 49 50 
85 89 98 97 80 98 105 

50 48 39 47 37 51 52 
25 27 26 25 26 26 26 

8 7 7 7 5 7 7 
48 46 41 48 41 45 52 

500 518 449 469 474 464 466 

6 7 8 8 5 5 6 
51 48 47 50 41 53 52 

31528 31529 31530 

Spatter - Proximal Proximal 
Hawaiite Benmoreite Basalt 
CASTLE CASTLE CASTLE 

50.3 56.5 48.43 
3.01 1.41 3.02 
15.35 16.22 17.43 
14.04 11.26 13.89 
0.16 0.24 0.2 
3.07 0.98 2.82 
7.74 3.95 8.35 
3.99 5.25 3.49 

1.56 3.08 1.11 
0.63 0.53 0.59 

0.51 0.75 1.03 

100.35 100.17 100.37 

201 13 121 

5 3 33 

9 3 39 
135 148 132 
301 407 283 

58 72 54 

449 1173 398 
37 62 40 
70 108 68 
37 49 45 

24 28 25 

6 12 1 

31 35 13 

501 381 550 

5 8 4 
42 64 44 

31531 31532 

Proximal Bomb 
Hawaiite Basanite 
CASTLE WITCH 

49 42.82 
2.99 2.33 
16.33 12.69 
13.77 25.64 
0.19 0.29 

3 2.47 
7.95 6.15 
3.7 2.75 
1.48 1.05 
0.6 0.6 

w._ w __ 

1.4 --;,:_", 
100.4 100.25 

216 261 

22 29 

26 16 

135 133 
- 290 253 

56 53 

403 362 

38 28 

75 58 
37 32 
24 21 

6 3 

38 17 

518 427 

3 3 
38 38 

31533 

Bomb 
Hawaiite 
WITCH 

49.5 
3.15 
16.57 
13.82 
0.17 
2.49 
7.18 

4.09 
1.57 
0.69 

1.16 
100.39 

171 

32 

21 

135 
317 

66 
420 

50 
86 
47 

24 

2 
29 

522 

5 
66 
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31534 
Bomb 

B-Andesite 

WlTCH 

52.23 
2.8 

16.12 
14.04 
0.07 
0.92 

6.36 
2.58 
2.04 

.25 

.66 
100.06 

l r" OJ 

3 
!9 

126 
382 

79 
500 
49 
89 
52 
26 
5 

45 

525 
6 
49 

31535 
Vent 

2.69 

15.51 
12.85 

0.2 
3.35 

7.6 
4.27 

.7 
0.64 
0.11 

100.21 

165 

20 
26 
128 
325 

66 
438 

39 

77 
40 
24 
5 

39 
504 

6 
43 

31536 
Dike 

Trachyte 

WITCH 

66.04 
0.98 
17.28 
2.89 
0.01 

0.12 
2.34 

5.3 

3.81 
0.3 

1.19 
100.26 

3 
3 
3 

156 

590 
73 

927 
71 
137 
62 
29 
20 

115 
349 
16 
47 

31537 
Bomb 

Hawaiite 

WlTClI 

48.72 
3.13 

16.24 
13.75 

0.2 
3.09 
7.71 

4.07 
1.35 
0.7 

1.27 
100.24 

124 
J 1 
19 

152 
313 
66 

483 
39 
80 
40 

26 

4 
10 

538 
4 
50 

31538 31539 
Bomb ,Spatter 

Mugearite Benmoreite 
HOON HOON 
53.9& 58.75 
2.39 1.33 

17.04 16.21 
10.16 9.23 

0.1 0.08 
2.46 0.83 
6.68 4.22 
3.95 5.05 

2 2.91 
0.57 0.55 
0.72 1.26 

100.04 100A2 

202 25 
23 3 
13 3 
97 143 

333 480 
59 77 

478 596 

33 54 
81 1I2 

46 60 
25 28 
8 i2 

51 97 
546 405 
10 11 
32 53 

31540 31541 
Dike Bomb 

Rhyolite Benmoreite 

HOON HOON 
70.57 58.76 
0.:25 1.37 
14.49 16.24 
3.78 8.97 

<0.01 0.1 
<0.05 0.98 
0.56 4.46 
4.97 5.03 

4.76 2.85 
0.05 0.56 

1.01 1.16 
100A3 100A8 

4 24 
3 3 
3 3 

52 153 

558 473 
88 77 

610 570 
83 61 
144 III 
65 48 
28 28 
20 10 
165 91 

86 416 
23 12 
61 48 

31542 
Bomb 

HOON 
50.08 
2.15 
17.14 
12.24 
0.21 

2.6 
6.33 

4.86 
1.76 
1.02 

62 

3 

5 
162 

454 
83 

609 
58 
117 
56 

28 
6 
13 

563 

10 

50 

31543 
Bomb 
Basalt 

HOON 
48 

2.73 
15.47 
12.8 

0.14 
5.7 
9.23 
2.68 

0.66 
OAI 

241 
126 
104 
114 
156 
33 

214 
15 
36 
26 

21 
! 
4 

482 
2 
25 

31544 
Dike 

Basalt 

HOON 
4&.67 
2.76 
16.04 

12.51 

0.16 
4.96 
9.55 
2.94 
0.8 
OA 
1.4! 

100.19 

254 
140 

94 
114 
160 

33 
224 
20 
40 
26 
2 
I 
9 

505 
I 

29 

31545 
Bomb 
Basalt 

HOON 
47.42 
3.19 

16.48 

13.05 
0.18 
4.43 
9.92 
3.3 

1.03 
0.49 
0.85 

100.33 

255 
39 

32 
101 
217 
47 

289 
22 

4& 
34 
23 

4 
14 

570 
2 

31 

31546 
Bomb 
Basalt 
HOON 
48.63 
2.98 
16.68 

IU8 
0.16 
4.71 
10.73 
3.06 

0.63 
0.39 

0.58 
100.33 

283 
148 
78 
108 
170 

35 

252 
15 

41 
36 
22 
I 

5 
549 
3 

28 



31547 31548 31549 31550 31551 31552 31553 

Bomb Vent Dike Dike Vent Bpmb Bomb 
Basalt Mugearite Basalt Mugearite Basalt Mugearite Mugearite 

STHGIB STHGlB STHGlB STHGlB STHGlB NTHGlB NTHGlB 

47.34 51.46 48.13 51.39 48 53.33 51.95 

3.41 2.77 2.57 3.29 3.57 2 1.96 

17.14 15.71 16.96 16.11 16.25 17.16 18.2 

13.07 12.88 11.98 10.65 13.01 10.1 12.58 

0.46 0.14 0.32 0.19 0.21 0.17 0.25 

2.33 3.36 4.97 2.64 3.65 1.85 1.11 
9.02 7.23 9.35 8.17 9.48 6.53 4.25 

3.34 4.02 3.13 4.35 3.42 4.5 4.42 

1.09 1.65 0.84 1.84 1.27 2.15 2.58 

0.46 0.57 0.45 0.82 0.52 0.89 0.83 
" 

2.53 0.5 1.66 0.9 1.01 1.7 1.63 .. 
100.2 100.27 100.36 100.35 1 00.39 100.37 99.77 

317 220 197 193 295 86 48 

130 3 96 3 46 3 3 
308 11 122 26 49 3 6 

154 130 94 151 114 156 135 
194 280 168 356 236 424 469 

39 51 34 74 50 77 84 

735 443 229 513 417 619 648 

24 32 26 52 28 56 47 

44 75 47 92 61 124 128 

32 38 32 50 34 44 43 

22 24 22 26 22 26 28 

3 3 1 2 1 3 5 

18 26 10 41 29 56 66 

618 554 553 587 639 574 450 

5 8 3 5 3 9 10 
29 37 29 54 33 49 43 

31554 3.1555 31556 

Vent Spatter Proximal 

Benmoreite Trachyte Mugearite 

NTHGlB NTHGlB NTHGlB 

54.48 67.21 50.35 

1.76 0.69 2.77 

17.48 15.48 16.96 

10.74 4.63 11.41 

0.15 0.06 0.13 

1.27 0.26 2.46 

4.58 2.34 7.91 

5.3 4.88 4.41 

2.64 3.69 1.68 

0.73 0.13 0.8 

1 0.72 1.06 

100.12 100.1 99.94 

56 3 162 

3 3 8 

3 3 32 

139 138 142 

451 645 326 

79 83 67 

583 768 504 

53 51 50 

117 94 83 

38 38 51 

27 29 25 

5 21 I 
68 86 31 

510 234 619 

10 17 4 

40 42 57 

31557 31558 

Vent Bomb 

Hawaiite Benmoreite 

NTHGlB NTHGlB 

49.45 55.37 

2.74 1.78 

16.92 17.95 

12.61 9.42 

0.17 0.07 

3.03 0.82 

7.67 4.37 

4.01 4.74 

1.58 2.62 

0.7 0.7 

U8 2.43 . 
~"" , 

100.06 100.27 

175 47 

14 3 
29 3 

130 III 
296 

. 
455 

62 84 

473 817 

41 67 

72 126 

46 58 

24 29 

1 3 

27 62 

606 521 

4 8 
44 43 

31559 

Dike 

Hawaiite 

NTHGlB 

48.34 

2.92 

17.26 

12.97 

0.17 

3.39 

7.25 

3.51 

1.58 

0.62 

c.~; 

1 00.3 8 

177 

37 

39 

115 

272 

57 

380 

34 

67 

46 

24 

1 

37 

510 

3 
32 

» 
\J 
\J 
m 
z 
o 
X 
c.n 
CD 

G) 
co 
o 
C) 
;:,
co 
:3 
iii' 
~ 

N 
w 
0\ 



31560 31561 31562 31563 31564 31565 
Bomb Bomb Bomb Spatter Dike . Dike 

Basalt Mugearite Mugearite Basalt Benmoreite Hawaiite 

STHEVN STHEVN STHEVN STHEVN STHEVN STHEVN 

48.55 52.33 52.72 49.09 54.58 49.14 

2.58 2.28 2.27 2.56 1.26 3.37 
17.73 14.46 14.31 18.39 16.68 16.07 
12.59 14.35 14.39 11..94 11.63 13.23 
0.16 0.24 0.17 0.16 0.21 0.14 

3 1.88 2.25 2.7 1.79 3.06 
9.29 6.05 6.15 8.47 4.45 8.14 
3.73 4.01 4.06 3.47 5.43 3.82 
0.89 1.99 1.86 1.24 2.76 1.41 
0.7 1.04 0.9 0.57 0.66 0.66 

l.43 1.52 0.84 1.75 1.01 1.41 

100.35 100.14 99.94 100.34 100.45 100.44 

152 99 103 171 3 230 

79 4 3 8 3 15 
92 6 4 14 3 18 

125 171 165 1I5 135 132 
256 334 328 226 466 281 

58 62 61 45 95 63 

493 442 416 418 689 360 

36 44 33 27 58 29 

70 85 90 72 131 77 

58 43 45 38 53 34 

26 26 26 25 26 25 

i 4 3 2 7 2 

2 43 42 14 70 29 

662 472 454 747 513 567 

3 6 7 2 8 3 
35 50 49 38 50 39 

31566 31567 31568 31569 

Dike Dike Spatter Dike 

Hawaiite Hawaiite 1\ Hawaiite lUI;; 

STHEVN STHEVN STHEVN NTHEV2 

48.87 49.3 51.57 46.74 

3.15 2.94 2.62 2.43 

16.23 17.37 14.42 14.01 

12.75 11.49 14.55 13.21 

0.17 0.21 0.19 0.18 

3.57 3.3 3.05 8.24 

8.88 9.22 6.84 8.72 

3.74 3.74 4.07 3.96 

1.26 1.27 1.63 1.77 

0.58 0.58 0.85 0.61 

1.12 0.82 0.4 0.55 

100.32 100.23 100.19 100.41 

217 184 154 206 

22 34 11 232 

21 32 1 I 210 

123 111 172 137 

241 244 300 342 

52 54 59 80 

329 387 404 554 

22 32 36 43 

78 65 87 99 

44 43 45 48 

25 24 25 22 

2 I 3 1 

47 31 34 36 

560 643 474 766 

4 2 3 6 
38 37 48 27 

31570 

Bomb 

B-Andesite 

NTHEV2 

52.05 

2.31 

16.33 

11.59 

0.15 

3.57 
7.76 

3.24 

1.52 

0.64 

1.15 

100.3 

178 

43 

38 

115 

282 

50 

688 

32 

72 

39 

26 

2 

23 

522 

5 
38 

31571 

Bomb 

Hawaiite 

NTHEV2 

49.89 

2.21 

18.61 

11.03 

0.17 

3.39 

8.81 

3.81 

1.11 

0.65 

0.68 

100.35 

147 

29 

33 

122 

255 

47 

467 

35 

74 

34 

25 

3 

13 

644 

5 
35 

31572 

Bomb 

Shoshonite 

NTHEV2 

52.91 

2.12 

16.6 

11.07 

0.15 

3.11 

7.18 

3.59 

1.78 

0.56 

1.28 
100.35 

155 

20 

24 

122 

332 

56 

494 

37 

85 

37 

24 

7 

36 

498 

5 
38 

N 
W 
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31573 31574 31575 31576 31577 31578 31579 
Proximal Lava Lava Bomb Dike • Dike Spatter 

Shoshonite Hawaiite Hawaiite Latite Hawaiite Benmorite Hawaiite 
NTHEV2 NTHEV2 NTHEV2 NTHEV2 NTHEV2 NTHEV2 NTHEVI 

54.19 49.03 49.5 57.28 50.25 57.7 47.84 
2.03 2.4 2.36 1.28 2.18 1.21 3.16 
16.11 18.23 18.5 15.62 19.69 17.1 16.5 
12.15 10.86 10.85 10.24 9.64 9.38 13.42 
0.15 0.15 0.18 0.16 0.14 0.14 0.2 
1.72 4.01 3.71 1.19 2.88 1.0 I 3.47 
4.94 9.03 8.93 4.72 9.24 3.43 8.61 
4.32 4.02 4.13 4.62 4.2 6.13 4.31 
2.6 1.23 1.29 2.9 1.34 3.14 1.26 
0.74 0.73 0.73 0.43 0.64 0.35 0.7 
1.39 0.36 -0.06 1.39 0.22 0.65 0.66 

100.35 100.04 100.16 99.82 100.42 100.24 100.13 

56 141 123 19 102 3 103 
3 33 29 4 15 3 21 
3 31 32 3 15 3 23 

147 104 96 165 99 132 140 
394 219 222 553 242 572 290 
64 52 51 97 57 120 62 

644 36] 409 765 358 677 436 
42 36 45 60 33 73 55 
99 69 74 128 70 135 93 
43 38 44 53 44 57 62 
27 24 25 28 24 31 25 
8 I 1 7 1 6 1 

65 15 27 72 20 75 7 
441 890 836 397 857 444 584 

9 3 4 10 2 II 2 
36 30 36 56 32 49 53 

31580 31581 31582 
Vent Pr.oximal Bomb 

Hawaiite Hawaiite Hawaiite 

NTHEVI NTHEVI NTHEVI 

49.91 47.95 48.69 
2.97 3.25 3.06 
16.45 16.92 16.6 

12.9 13.78 13.29 
0.17 0.18 0.18 

3.07 2.92 3.02 
7.64 7.55 8.36 
4.23 3.89 4.28 
1.52 1.37 1.51 
0.63 0.72 0.69 
0.71 1.42 0.31 

100.18 99.95 99.99 

201 186 . 145 

17 19 28 

31 18 19 

138 132 124 
283 291 288 

63 66 64 

397 432 387 

42 41 37 

67 69 75 
44 52 39 

24 25 24 

2 1 2 
23 16 21 

576 555 584 

3 4 2 
36 40 38 

31583 31584 
Spatter Bomb 

Hawaiite Hawaiite 

NTHEVI NTHEVI 

50.03 49.89 

2.98 3.16 

16.39 16.29 

12.57 13.33 
0.18 0.16 
2.95 2.85 
7.58 7.63 
4.19 4.18 
1.45 1.5 
0.6 0.64 
1.15 0.87 

100.07 100.5 

166 219 
15 16 
22 13 

149 138 
282' 287 

62 63 

389 512 

33 35 

85 79 

43 47 

23 23 

3 1 

25 35 

578 570 
4 4 
36 38 

31585 
Dike 

Trachyte 

NTHEVI 

61.17 
0.48 

18.38 
5.44 

0.15 
0.48 
1.18 
6.17 
4.87 
0.11 
1.94 

100.38 

3 
3 

3 
132 
821 

176 

963 
81 

150 
54 

30 
14 
97 

55 
18 
45 
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31586 31587 31588 31589 31590 
Proxima! Vent Bomb Dike Bomb 
Hawaiite Hawaiite Basalt Basalt Hawaiite 
NTHEVI NTHEVI NTHEV3 NTHEV3 NTHEV3 

47.59 49.75 48.89 46.57 49.4 
3.22 3.04 2.72 2.78 2.88 
16.66 16.01 15.99 15.93 16.94 
14.03 12.59 12.76 13.91 13.58 
0.2 0.16 0.19 0.17 0.15 

3.32 3.46 3.08 6.59 2.06 
8.22 8.23 7.84 8.66 6.7 
1:,.27 4.19 3.96 3.26 3.87 
1.17 1.48 1.69 0.95 1.75 
0.67 0.65 0.91 0.8 0.9 
0.46 0.38 I',;;; 0.77 1.79 
99.8 99.93 100.41 100.39 100.02 

109 213 130 187 125 
19 20 28 75 19 
29 19 26 98 24 

139 128 99 102 146 
294 275 322 145 349 

65 61 72 39 76 
390 340 400 400 795 
25 26 38 23 49 
85 72 83 54 94 
52 44 51 37 48 
26 24 23 18 26 
1 2 2 1 2 
7 27 30 12 31 

582 548 601 864 598 

3 3 3 1 '" .,) 

39 37 42 26 51 

31591 31592 31593 
Dike Dike Bomb 

Mugearite Hawaiite Hawaiite 
NTHEV3 NTHEV3 NTHEV3 

50.13 47.67 46.87 
3.1 2.92 2.87 

16.55 17.22 15.45 
11.94 13.79 14.33 
0.2 0.22 0.17 

2.28 2.34 5.74 
7.6 6.89 7.95 

4.48 4.21 3.22 
1.71 1.95 1.15 
1.16 0.91 0.84 

1.28 1.96 1.78 

100.42 100.07 100.36 

144 102 182 

3 22 71 

8 25 78 
147 130 177 
332 355 181 

75 78 46 

478 538 986 
49 37 29 
118 105 62 
46 44 41 

25 26 19 
2 1 1 

36 32 13 
601 580 838 

5 6 1 
42 42 35 

31594 
Vent 

Mugearite 

NTHEV3 
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APPENDIX 5C: Ge{)(~herrlistrv 

: PREVIOUS EMISTRY 

Dike Feeder Bomb 
Dike (?) 

Trach e Mugearite Mugearite 
NthBva.rtl iNtllQibRocK-'NthGibR6ck 

63.06 54.53 53.61 46.5 51.03 51.7 
0.39 1.77 1.94 2.64 2.75 2.68 
17.28 16.64 16.61 14.56 14.26 14.46 
5.33 10.59 10.98 13.99 14.44 14.66 

MnO 0.12 0.17 0.19 0.17 0.22 0.19 
MgO OJ 2.55 2.35 6.89 3.48 3 
'CaO 1.07 5.74 6.35 7.99 7.21 6.87 
Na20 7.26 5.17 4.5 4.15 4.11 4.08 
K20 4.72 2.42 2.23 1.5 1.02 1.63 
P205 0.07 0.77 0.81 0.69 0.82 0.86 
LO! 0.73 0.31 0.52 -0.4 -0.04 0.2 
Total 100.33 100.66 100.09 99.04 99.91 100.33 

V 4 No Traces Done 123 112 110 
Cr 3 133 31 18 
Ni 11 130 20 22 
Zn 141 125 140 155 
Zr 1328 321 263 271 
Nb 293 70 56 58 
Ba 660 385 361 376 
La 88 56 47 48 
Ce 136 117 88 105 
Nd 59 42 50 50 
Ga 27 33 25 26 
Pb 15 5 8 2 
Rb 131 34 42 41 
Sr 75 795 465 468 
Th 24 8 2 11 
Y 38 21 40 38 
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