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ABSTRACT 
Rhyolite lavas have not been observed to erupt in New Zealand. No detailed measurement of the 

physical volcanological properties of lavas has been undertaken to date. However, the detailed 

measurement of fabric parameters from lava flow unit profiles, provides an insight into emplacement 

history, rheological behaviour, and ultimately volcanic hazards of rhyolite lavas. 

Two constrasting Cenozoic rhyolites were studied: Ben Lomond flow - a calc-alkaline rhyolite flow 3.5 

km length of 110 ka age; and a pantelleritic flow sequence of Quaternary age from Mayor Island. 

The general stratigraphy of a rhyolite flow comprises: finely vesicular pumice; upper obsidian layer; 

central crystalline rhyolite; lower obsidian layer; and a basal breccia. Fabric measurements include 

density, proportions of primary and secondary voids, void and autoclast aspect ratios, and microlite 

length. Porosity data provide information on the distribution of volatiles in an emplacing lava, and 

spherulites on post-emplacement volatile migration. 

Primary voids are suppressed below 1 0 m depth. The largest spherulites most commonly occur above 

the central rhyolite core, suggesting late flow migration of volatiles from a crystallising flow centre. 

Supportive evidence is: vesiculation of explosion breccia at c.30 m depth; a coincident peak in water 

content; and subtle trace element variations. Microlites of uniform length formed prior to emplace­

ment. Subsurface evidence (microlite shape) supports an increasing undercooling, and degassing of 

an originally hydrous magma, collapsing from an inflated foam before empiacing as a viscous flow. 

Effervescence occurred within the carapace during flow. Isobaric crystallisation within the flow centre, 

triggered explosion breccia formation just before and after the flow front stopped advancing. Sixteen 

years elapsed as the flow centre cooled below the glass transition temperature. Late-flow migration 

of soluble trace elements is consistent with subtle variations in Na2O, Cl, H2O and the development 

of secondary fabrics. Groundwater metasomatism is manifest in pumiceous fabrics. Viscosity, 

calculated from major element chemistry, temperature, and water content, is 107 poise for the magma 

(chamber); 1012 poise (conduit); and 1011 poise for the central flow. 

Three peralkaline flows from Mayor Island were studied: Panui flow (a lava pond within a tuff ring); 

Pre-8 ka flow; and the 8 ka flow sheet. No explosion breccia and no significant spherulitisation or 

lithophysae occur. Carapace sections show ramp structures, anticlines compressed into spines, and 

synclinal troughs. In contrast to Ben Lomond, more bubbles occur in the upper obsidian layer. A 

high flow temperature ( ~ 950°C), variations in microlite length throughout the flow profiles and viscous 

deformation of powdered and block samples (furnace experiments) point to a fluidal rheology. The 

main differences between pantelleritic and calc-alkaline emplacement models is a spatter-fed emplace­

ment mode, microlite growth and high temperature isobaric crystallisation during flow. Significant 

variations in Na2o, La, Ce and Cl support high temperature migration of volatiles associated with the 

crystallisation of rhyolite. Sadie fluids were more concentrated in Cl and Fin fluid lavas containing 2 

- 1 o times less water than Ben Lomond. 
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Estimated viscosity of Mayor Island lavas is between 107 - 108 poise. Temperature has a significant 

contribution to the fluidity of the lava allowing a spatter-fed emplacement and rehomogenisation of 

the spatter as a distally tapering flow sheet. 

Void aspect ratio and porosity are parameters that best approximate the theoretical viscosity profile, 

whereas mean microlite length approximates the temperature curve only for the Mayor Island lavas. 

The calc-alkaline emplacement model was tested on two poorly exposed rhyolitic centres: Pauanui 

(Miocene age); and the Okataina Volcanic Centre flows (19 ka - 5.5 ka age). 

Ben Lomond and Mayor Island flows are compared with overseas rhyolites. The range of morphology 

of rhyolite landforms is primarily dependent on effusive volume and effusion rate. No significant 

difference occurs in the viscosity of domes, coulees and flows of similar eruptive chemistry and 

temperature, from the same volcanic centre. 
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CHAPTER 1. 

INTRODUCTION AND OBJECTIVES. 

1.1. Introduction. 

Rhyolite lavas have not been observed to erupt in New Zealand during historical times. The most 

recent extrusion of rhyolitic lavas was at Tarawera, Okataina Volcanic Centre, c. 700 yrs B.P.(Nairn. 

1986). In the western hemisphere, eruptions of silicic lavas have been rare, namely: , 

a. Novarupta (1912), a rhyolite dome described in Eichelberger and Hildreth, (1986); 

b. Trident rhyodacite (1953), Friedman et al. (1963); 

c. Santiaguito - dacite flows and pyroclastic deposits from an andesitic volcano (Rose, 1987); 

d. Mt. St. Helens dacite dome (Swanson et al. 1987). 

Their small volumes, restricted distribution and remote locations have relegated them to relative 

obscurity in the geologic literature. In addition, studies on rhyolites are largely from a petrogenetic 

perspective. However, through detailed studies of active systems such as Santiaguito and Mt. St. 

Helens, together with the discoveries from the Valles and Long Valley drilling projects that have 

penetrated flow interiors and feeder dikes of fresh Holocene lavas, rheological models relating 

morphology or form to their emplacement history may be developed. 

Exposures of fabrics and flow structures in the field provide frozen examples of the original subliquidus 

rheology of ancient lavas. Quantitative studies of fabric variations may provide a guide to original 

emplacement properties such as lava viscosity. 

1.2. Stratigraphy, Physical Properties and Emplacement History of 
Rhyolite Lava Flows: Previous Work. 

The problem of inferring emplacement conditions from extinct rhyolite lavas has been addressed by 

relatively few workers. Christiansen and Lipman (1966) studied the Tertiary Comb Peak rhyolite flows, 

describing petrography, stratigraphy, chemistry and structure from dissected outcrops. Cole (1966, 

1970) deduced the emplacement of the Tarawera domes from qualitative observations and derived a 

simple structural model based on dome cross sections exposed by the 1886 rift. Loney (1968) mapped 

the flow structures of the Southern Coulee, Mono Craters, where flow surface structures were 

correlated with flow front and drillhole sections. Fink (1978) originally aimed to investigate the 

mechanics of formation of obsidian flow folds at Little Glass Mountain, Northern California, but was 

constrained by the lack of rheological knowledge on rhyolites. Therefore he mapped the surface 

structures of the outer surface or carapace of the well exposed Holocene flow. The arrangement of 

the flow fabric units indicated deformation of the original flow stratigraphy. Fink was able to model 

gravity instability, surface folding and fracture of obsidian flows, developing an emplacement model 

(Fink 1980a, 1980b) that made inferences from semi-quantitative data on the rheology of the Little 

Glass Mountain lavas (Fink, 1983) from structural geologic evidence (Fink, 1984). Only flow front and 

carapace sections were available for study. The Inyo Domes Drilling Project provided both quantitative 
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and qualitative information on the development of textures in an obsidian flow and the importance of 

volatile content in controlling the original properties of pumice and obsidian (Fink and Manley, 1987). 

Bonnichsen and Kauffman (1987) examined the physical volcanology of large-scale silicic flows, 

previously identified as welded tufts or rheoignimbrites, and generated a well constrained emplace­

ment history for the rhyolite lavas of the Snake River Plain, SW Idaho. 

1.3. The Inyo Drilling Project; the Legacy of Multidisciplinary Studies for 
Modern Silicic Systems. 

The development of well constrained degassing_ models of rhyolite magmas was only possible from 
• • b rt pl E" 1i,;.a.: Westrich acqumng su su ace sam es. 1che ut:rger A (1981) measured the total volatile content of flow 

obsidian and tephra glasses. Taylor et al. (1983) found a significant difference in the hydrogen isotopic 

signature of airfall tephra and flow obsidian. Eichelberger et al. (1986) and Westrich et al. (1988) 

concluded that hydrous rhyolite magmas degassed from 4% volatiles (chamber) to 0.2% (surface) and 

that the magma was emplaced as a collapsed foam. This model is supported by hydrofracturing of 

dike wall rock (Heiken et al. 1985) suggesting that most of the dissolved volatile content was lost at 

less than 1 km depth. 

Other Drilling Project studies provided valuable data on geothermometry (Vogel et al. 1985), microlite 

morphology which provides implications for the thermal history of the magma (Swanson et al. 1985a,b), 

and differences in crystallinity between the dome and intrusion as a function of cooling in the system 

(Kasameyer et al. 1985). Measurements of water contents of Inyo dome and dike (Westrich and 

Eichelberger, 1985; Westrich et al. 1985), enabled the development of a degassing model. In addition, 
et a,. 

textural studies by Fink1(198S) using backscatter scanning electron microscopy, largely supports the 

contention of O'Neil and Taylor (1985) that some degassing of obsidian magma occurred during and 

after emplacement. Additional detailed studies include the thermometry of rhyolitic obsidians based 

on water speciation (Pickett and Stolper, 1984). More recent studies on the chemical variations of the 

Obsidian Dome (Sampson and Cameron, 1987; Vogel et al. 1987) have been integrated with 

mineralogical, stratigraphic and structural data showing that two magma types were stratified within 

the feeder dike prior to eruption (Sampson, 1987). 

1.4. Towards the Development of a Research Project. 

Major questions needing to be addressed from sections 1.2 and 1.3 above are: 

a. What controls do the volatiles in the system have on ultimate emplacement properties? 

b. What is the relative importance or contribution of the chemical composition, temperature, and 

volatile content to the viscosity of rhyolite lavas? 

c. What causes the differences between the flow behaviour of lavas emplacing as domes and flows? 

An initial approach was to look at the controls on viscosity of rhyolite lavas so that from the resultant 

viscosity value, the form of the lava could be predicted. As no rhyolite lava flows have been accurately 

observed, unlike basalt flows (Lipman and Banks, 1987; Moore, 1987), the rheological properties of 

rhyolite as the basis of the developing research project was impractical. 
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Hence the only successful way to elucidate the properties and viscosity of rhyolite lavas was to infer 

the viscosity from the resultant form, in light of detailed profiling of fabric textural parameters, structural 

studies and chemical data. Detailed systematic profiling of the physical properties of rhyolite lava flows 

has been done by only a few workers, namely Fink (1983) and Manley and Fink (1987), and has not 

been done in New Zealand before. The application of such studies and techniques can ultimately give 

a greeter understanding of the eruptive behaviour of silicic volcanic centres for future volcanic hazard 

surveys. 

1.5. Research Objectives. 

The broad aim of this research project is to advance knowledge of the physical volcanology of rhyolite 

lava flows in order to constrain, as accurately as possible, the emplacement history and viscosity of 

two contrasting rhyolitic lava types. This study will contribute to the North American dominated 

literature and initiate studies of this type on New Zealand examples to complement the physical 

volcanology of pyroclastic deposits. 

By quantifying fabric parameters down sections that bisect extinct rhyolite lava flows, an insight can 

be gained into the physical properties of the original lava and ultimately their emplacement histories. 

This approach is applied to two New Zealand examples where no lava flow profiling has been 

attempted. Ultimately with subsurface inferences from the testing and adoption of degassing models 

of Westrich et al. (1988), and the application and testing of pre-existing methods of calculating viscosity 

(e.g. Shaw, 1972; Hulme, 1974), the behaviour and controls on the rheology of the emplacing lavas 

can be addressed. Two contrasting Cenozoic New Zealand rhyolitic lavas from the North Island were 

studied: (1) a calc-alkaline rhyolitic obsidian flow from Ben Lomond Station, Taupo Volcanic Centre; 

and (2), a pantelleritic sequence of flows from Mayor Island, Tuhua Volcanic Centre. 

However, in contrast to the best examples from North America (e.g. the Inyo domes), lavas from both 

New Zealand localities were poor1y exposed (Fig. 1.1 ). Pre-requisites include fresh glasses, un­

weathered exposures that bisect the flow stratigraphy and sufficient areal exposure including some 

carapace outcrop. 

In order to address the questions stated in section 1.4 above, the specific objectives of this research 

project were: 

1. to chronicle the stratigraphic history of the poorly studied Ben Lomond region, Taupo Volcanic 

Centre, and to present new chemical data for lavas in the region; 

2. to apply methods from the physical volcanological studies of pyroclastic deposits to rhyolite lavas; 

3. to produce profiles of the textural characteristics of rhyolite lavas; 

4. from qualitative and quantitative studies oflava flow sections, to establish the respective emplacement 

histories of the Ben Lomond and Mayor Island flows; 

5. to test the degassing models of Eichelberger et al. (1986) and Westrich et al. (1988) from petrographic 

data at Ben Lomond; 
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6. to test the viscosity models and methods of Shaw (1972) Hulme (1974) McB· d M ( ) , , irney an urase 1985 
and others, and apply them to Ben Lomond and Mayor Island to provide a semi-quantitative viscosity 
profile throughout the flows; 

Fig. 1.1. Two rhyolite lava flows: the well preserved surface of the Glass Creek Flow, Inyo Domes, northern 
California, that erupted 550 years ago (above) and the relatively poorly preserved Ben Lomond Flow that 
emplaced about 100,000 years ago. Both photographs include flow front and vent (summit) areas. 
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7. to identify and attempt to assign relative importance to the major controls on the viscosities of the 

lavas through analysis of resultant form; 

8. to find parameters that can act as useful approximations to flow viscosity; 

9. to identify the constraints that the inferred rheology has on the eruption modes of both Ben Lomond 

and Mayor Island magmas; 

10. to test and apply the derived emplacement model for Ben Lomond to two poorly exposed lavas . 

Pauanui (Miocene age) and Quaternary Okataina Volcanic Centre lavas. 

Ideas to consider include the following: 

1. the textures observed in outcrop retlect both the volatile content and the emplacement behaviour of 

the lava; 

2. long axes of primary voids reflect the stress directions in the lava during cooling, the rheology of the 

surrounding fluid and the vapour pressure of the voids; 

3. the zonation of secondary textures is in response to the migration of volatiles after emplacement; 

4. the aspect ratio of autoclasts within the flow is a function of flow shear between and within units and 

local changes in flow velocity; 

5. the change of flattening ratio ( of primary voids) with depth serves as an approximate guide to intraflow 

viscosity variations; 

6. the major element chemistry of obsidian, adjusted to anhydrous conditions, represents the chemistry 

of the original lavas and may be used in calculations of viscosity via the method of Shaw (1972); 

7. the form of the temperature profile during emplacement is constrained by textural variations at the 

top and base of flows including basal tuffs; 

8. emplacement temperature is approximately equivalent to the chamber temperature during the 

crystallisation of phenocrysts, or for aphyric lavas near that of the liquidus within the chamber, owing 

to low rates of thermal conduction during magma ascent. 

RHY 

LOBS 
BR 

CVP 

, ~ ... ~ - .-

.,"': , :.-~:: ,~­
=."'5:: => ",,:. 

flow direction 

Fig. 1.2. The stratigraphy of fabric units in. a rhyolite ~ava flow ( adapt~d. from F":1' and Manl:£ 1!8io:~ 
Cas and Wright, 1987). FVP = finely vesicular P'"1;11cei OBS = _obsidian ( U - upper an_ 
layers), CVP = coarsely vesicular pumice, RHY = lith01dal rhyolite, and BR = basal breccia. 
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1.6. Definition of a Flow Stratigraphy. 

The intraflow layering or stratigraphy of fabric units is in response to the emplacement stratification of 

volatiles, and post-flow variations in crystallisation. Thus, the following sequence is formed from flow 

top to base: finely vesicular pumice; upper obsidian layer; rhyolite; basal obsidian; and basal breccia 

(Fig. 1.2). 

The obsidian layer envelopes the central rhyolite core, the latter being characterised by a finely 

crystalline ground mass in contrast to the glassy groundmass of the obsidian. The upper obsidian and 

the finely vesicular pumice layers denote the flow carapace or outer skin of the flow which is usually 

structurally complex. Explosion breccias, or the coarsely vesicular pumice of Fink (1983), interrupt 

the top two flow units and autoclastic breccias may occur throughout the flow stratigraphy (Manley 

and Fink, 1987). 

1.7. Thesis Outline. 

Chapter 2 outlines the regional geologic setting for the Ben Lomond region and describes the regional 

stratigraphy (objective 1 ), flow morphology and stratigraphy and a composite profile throughout the 

flow sequence is assembled. Physical profiling of the textural stratigraphy (objectives 2 and 3) is 

interpreted in chapter 3 and with structural and petrographic data an emplacement history is 

assembled for Ben Lomond (objective 4). Major and trace element chemistry and estimates of 

temperature and water contents are presented in chapter 4. As subsurface data is not available, the 

results of the Inyo Drilling Project and a degassing model for rhyolite magmas is used to interpret 

processes at depth for the Ben Lomond magma. The means of estimating the flow viscosity are 

critically outlined and two viscosity profiles are constructed for the Ben Lomond flow, during emplace­

ment and late flow phase. Thus chapter 4 satisfies objectives 5 and 6. Chapters 5 and 6 outline the 

emplacement history from physical volcanological studies, and the chemical variations and viscosity 

of the pantelleritic lavas of Mayor Island respectively, repeating the approach developed in chapters 

2-4. The emplacement model for care-alkaline lavas from chapters 3 and 4 is applied to two other lavas 

in chapter 7 fulfilling objective 1 O. The Ben Lomond and Mayor Island flows are placed within the wider 

picture of effusive rhyolitic volcanism in chapter 8. Parameters that can act as suitable approximations 

to temperature and viscosity are outlined and the three major questions listed in section 1.4 are 

addressed, thus satisfying objectives 7 - 9. Chapter 9 presents an overview of the results of this 

research project for both lava types and contrasts their respective modes of emplacement. The paper 

in Appendix I illustrates the application of lava flow studies by remote sensing within the wider 

framework of planetology, to elucidate the composition of extra-terrestrial lavas and to provide insights 

into the thermal evolution of the terrestrial planets. 
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Fig. 2. t A generalised geological map of the northern Tau po region. The inset (top left) lccates t~e 

area with respect to the North Island, New Zealand. This region includes the arbitrary bcundarl; 

between the Tau po and Maroa Volcanic Centres (indicated far right) and the detailed mapping area 1 n 

Fig. 2.2. Kinloch settlement is located in the Whangamata Graben betveen tvo northeasterly 

trending rhyolitic complexes of the Taupo Volcanic Centre. Major NE-SW faults 'w'ith upthrovn (U) 

and downthrown (D) sides are indicated. The relative stratigraphy and key to the geological units is 

shown below: 

ta = Taupo lgnimbrite and pumice alluvium ( t .8 ka age); 

Ab = Acacia Bay rhyolite dome ( 1 0 ka age); 

P = Puketarata rhyolite domes and tuff ring ( 14 -15 ka age); 
20ka= 20 ka lgni mbrite; 

th = Tauhara Dacite (37 ka age); 

ha = Haparangi Rhyolite; 

M = Mokai lgni mbrite (c.140 ka); 

Ktb = K-Trig basalt and other basalts ( < 140 ka age); 

wg = Whakamaru Group lgni mbrites ( 330-230 ka); 
Kb = Karangahape Basalt ( 290 ka). 

other units are Orakonui lgni mbrite (Or) Wai rakei Breccia (,.,) wa1·taha · B · ( t) 
, w , nu1 recc1a w and the 

Huka Formation (hg). 

ThemapwascompiledfromGrindley(t960) Grindley(t961) ctw·1 ( , ; an 1 son et al . t 9 8 6) 



CHAPTER 2. 

BEN LOMOND RHVOLITE: REGIONAL GEOLOGICAL 
SETTING, FLOW MORPHOLOGY AND STRATIGRAPHY. 

2.1. Regional Geological Setting 

The Ben Lomond Station rhyolite dome is approximately 10 km north of Kinloch, Lake Taupo and is 

one of a number of rhyolite domes in part of the boundary zone between the Taupo Volcanic Centre 

and the Maroa Volcanic Centre. The northern Taupo domes cluster to form two elongate northeast 

trending complexes: one from Te Kauae Point to TH/680862; and the other from Te Tuhi Point to 

T17/693810. Structurally the area is dissected by predominantly northeast trending faults with 

displacements decreasing northwards away from the Taupo Caldera. Faulting is everywhere normal 

(Grindley, 1965) with throws both northwest and southeast generating numerous horst and graben 

structures (Grindley, 1960; Healy et al. 1964; Grindley, 1965; Grindley, 1982; Healy, 1984). The 

Whakaipo-Te Tuhi Point horst is a northeast aligned accumulation of rhyolite domes where the ridge 

morphology is partly due to block faulting and partly to the extrusion of lavas along fissure zones (ref. 

Fig. 2.1 ). Whangamata graben faults were displaced as recently as 1922 (Grange, 1937). 
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The geological history of the Taupo Volcanic Centre has been previously discussed (Froggatt, 1982; 

Northey, 1983; Wilson et al. 1984.) in terms of two major periods of activity: (a) 230 - 20 ka B.P.; (b} 
20 ka B.P. to present. 

From 230 to 20 ka B.P. the eruptive history is poorly understood. The relative and absolute 

chronologies of eruptive events are poorly established. Also in the field, preserved upper, basal and 

lateral contacts between units are rare. The 50 - 20 ka eruptives (Vucetich and Howorth, 1976b) and 

the well documented eruptive history from 20 ka to the present (Topping and Kohn, 1973; Vucetich 

and Pullar, 1973; Vucetich and Howorth, 1976a; Walker 1981; Froggatt,1981a,b; Self, 1983; Wilson 

1986; Wilson et al. 1986) will not be discussed further. 

Fig. 2.2 shows a regional geological map of the horst to the west of the Whangamata Graben. The 

geological history may be subdivided into: early ignimbrite (Otaketake Gorge); rhyolite domes -

Holyoake Station, Ben Lomond, and Marotiri; K-trig basalts; and 50 - 20 ka pyroclastics. 

2.1.1. Ben Lomond rhyolite dome and related deposits. 

The Ben Lomond rhyolite outcrops as two flow lobes comprising an eroded dome, dissected by the 

Whangamata Fault which exposes up to two thirds of the flow stratigraphy. The flow stratigraphy for 

Ben Lomond outcrops will be described in section 2.3. The Ben Lomond rhyolite has been K-Ar and 

glass fission-track dated at 110 ± 1 ka; 95 ka; 120 ± 2 ka (Stipp, 1968; Kohn, 1973). 

The northeastern margin of the Ben Lomond dome is buried by 20ka ignimbrite and this is t1l ustrated 

by the exposures of s59, s7, and a site north of Poihipi Road where a drill hole intersected obsidian at 

72 m below the surface. 

Deposits associated with Ben Lomond lavas include possible pre-dome pyroclastics 0.5 m thick above 

K-trig basalt at s22, and late-flow ballistic non-vesicular obsidian blocks with bomb sag structures 

(Froggatt oral comm. 1988) from explosion breccia formation. Similar non-vesicular obsidian clasts 

were found at s46 below a sequence of 50-20 ka tephras and 20 ka ignimbrite. 

At s50 (Fig. 2.3) an epiclastic breccia 4.4 m thick underlies 20 ka ignimbrite and overlies a gently dipping 

sequence of airfall lapilli of 1.85 m thickness. The obsidian clasts are highly porous (60% porosity) 

with low aspect ratio voids ~ong axis / short axis = 1.5) and angular equant clast shapes with 

breadcrusted margins. Other clasts are more andesitic and also include devitrified rhyolite. However, 

all obsidian, rhyolite, and pumice comprising the bulk of the clasts contain 5 - 7.5% phenocrysts in 

contrast with the aphyric Ben Lomond lavas. This evidence alone precludes an origin as a marginal 

avalanche breccia or explosion pit-originated breccia for the Ben Lomond flow. With only one 

exposure, the source of this deposit is problematic. 
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Fig. 2.3. s50 epiclastic breccia and airfall lapilli. (a) Equant and angular clasts range from: finely and 
coarsely vesicular glassy foam with phenocrysts occupying the thin septa between the voids; dense obsidian; 
devitrified rhyolite; to more basic lithologies. Fragments of obsidian occur within the contact between the 
breccia and the 20 ka deposits. {b) 1.85 m of alternating coarse/fine airfall lapilli overlies brown massive ash 
probably similar to deposits at s66, suggesting a pre-rhyolite dome origin not associated with the Ben 
Lomond vent. 
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2.1.2. Holyoake Station rhyolite domes. 

Other exposed rhyolites include the Holyoake Station domes, older than the 11 o ka Ben Lomond 
rhyolite because: 

a. the two Ben Lomond flow lobes to the north lap around the Holyoake Station domes; 

b. only one outcrop has been identified as finely vesicular pumice suggesting extensive erosion of 

the dome carapace; 

c. the rhyolite is weathered and spherulitic, with vestiges of inter-spherulite glass, originally having 

been fresh obsidian (as at Ben Lomond). 

Outcrops are sparse but the pumice at s 15 has been interpreted as finely vesicular pumice (FVP). The 

densely spherulitic rhyolite and obsidian (at s33-42) represents the upper obsidian (OBS) layer of the 

flow model (refer Fig. 1.1). At s2, lithophysal foliated rhyolite with moderate to widely spaced shrinkage 

joints define the rhyolite (RHY) zone of the flow stratigraphy. The vent position is assumed to be under 

the highest point of the dome. 

Site 28a-e represents an eroded rhyolite dome consisting of spherulitic rhyolite with inter-spherulite 

obsidian, spherulitic clasts (formerly obsidian) with grey 1 - 2 mm diameter spherulites, in an 

orange-brown pumiceous glassy matrix, and an autoclastic breccia, representing OBS and FVP zones 

in a flow-dome stratigraphy. Flow banding dips 35° to 72° E to NE toward an inferred vent area near 

the summit (618 m) of the dome. 

2.1.3. K-Trig basalt 

At s29, the Holyoake Station rhyolite has been intruded by K-trig basalt which is exposed as a small 

eroded scoria cone. K-trig basalt is also exposed northeast at T17/667871 (s22). Two distinct units 

occur at s22: 

unit a. steeply dipping (153/27° WSW) poorly bedded oxidised sub-spherical lapilli and bombs, with 

poor lateral continuity suggesting that the material was emplaced by avalanching down a building 

scoria cone (Houghton and Wilson, 1986); 

unit b. non-bedded variably oxidised scoria consisting of from loose to densely welded material with 

large rhyolite xenoliths that are usually fused. 

In unit a, the ubiquitous accidental rhyolite fragments (unlike s29 where none were observed) have an 

adhering crust of basalt lapilli. Often the rhyolite has been fused to form beads of glass between the 

basalt lapilli. Therefore the basalt must have intruded through older rhyolite (e.g. s49) at depth. 

The basalt outcrops at s29 and s22 trend northeasterly parallel to the Whangamata Fault and have 

been grouped with the K-Trig basalt west of Taupo (Grindley, 1961; Cole, 1972; Cole, 1973). 

Although s22 and s29 are undated, the relative age of the basalt at s29 appears younger than the 

Holyoake Station rhyolite. The age of s22 with respect to the Ben Lomond flows, is more uncertain. 

One interpretation occurs in section 2.1. l (p.8). Alternatively, this weathered unit may be 

unrelated to the Ben Lomond rhyolite. The age for the K-trig basalt has been determined by Stipp 

( 1968) as c. l 40 ka by K-Ar dating. Other basalts in the Maroa Centre such as the Ongaroto Basalt 

are younger (c.80-90 ka)( Houghton et al. 1987) Thus, a younger age for s22 and s29 basalts 

cannot be ruled out. 11 



2.1.4. Marotiri dome 

Of the three rhyolites of the Whangamata horst between Poihipi Road and Whangamata Road, the 

youngest is Marotiri dome. The dome is not dissected and outcrops are sparse, comprising columnar 

blocks of devitrified pinkish-grey spherulitic rhyolite (containing elongated pumiceous blebs) below a 

thin, rubbly, vesiculated rhyolite. 

2.1.5. Otaketake Gorge lgnimbrite and possible pre dome deposits. 

A moderately welded ignimbrite of more than 100-150 ka B.P. age (Houghton and Wilson, 1986) 

outcrops at the bottom of the Otaketake Gorge showing well developed columnar jointing and 15-55 

mm sized crudely aligned flattened pumice clasts. 

At T17/631816 {s66), a non-vesicular orange tuft, rich in obsidian fragments occurs below an irregular 

contact, with well-bedded white pumiceous lapilli and fine brown ash. Low angle pinch and swell 

structures occur in this unit. 

These obsidian-bearing airfall, pyroclastic flow and surge deposits are probably associated with 

Marotiri and perhaps some other domes west of the Whangamata Fault and may represent subordinate 

explosive activity probably preceding or associated with dome growth (Houghton and Wilson, 1986). 

2.2. Ben Lomond Flow Morphology 

The Ben Lomond Rhyolite consists of two exposed flow lobes - the southwestern and southern flows, 

with the northeastern margin buried by 20 ka deposits. Even though the dome is covered with grass 

and scrub with at least 1 o m of the carapace stratigraphy missing in some places, sufficient outcrop 

exists (41 sites) to measure flow banding orientations and to use surface grooves, flow striations, flow 

marks, and cracks as local flow indicators. 

Flow marks are formed from stretching and subsequent compaction of elongate vesicles (Bonnichsen 

and Citron, 1982; Bonnichsen and Kauffmann, 1987) and occur sporadically in the upper and marginal 

parts of flows. The more elongate the flow mark (i.e. the greater length/ height or aspect ratio), the 

earfier their formation (Bonnichsen and Kauffman, 1987). Their dip and direction indicate the vector 

of local tensile stresses (stretching) of cooling lava in the outer carapace during the formation of 

rampart structures - projecting ridges of obsidian between zones of FVP (Cas and Wright, 1987). The 

silicate skin of an obsidian ridge chills on contact with air and distorts while the interior is still plastic 

from differential flow localised in narrow zones (Shaw, 1969; Lawless, 1975; Best, 1982). Striations on 

flow band surfaces also record local secondary extrusion directions of the cooling viscous carapace, 

while the hot, insulated interior part of the flow lobe flows slowly downslope. 

The orientations of surfaces parallel to the strike of foliation planes is also a useful indicator of lava 

flow direction, particularfy for ancient eroded poorly preserved flows. Fig. 2.4 shows that most dip 

measurements from the deeper parts of the southwestern flow incline predominantly towards s21. In 

addition, as the surface slope of the southwestern flow is about 4°, the vent position may be confidently 

inferred to be near the highest point on the Ben Lomond station (744 m) near s21. Dips from obsidian 
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outcrops interpreted as being near to or part of the flow carapace, are steep and more variable in 

direction. For example, at s8, steeply inclined divergent flow bands in an outcropping rib of obsidian 

and associated FVP breccia, suggest the projection of an obsidian ridge (or rampart structure), tensile 

fracture, and brecciation occurred in a cooling carapace. Grooves and striations on folial surfaces 

along the airstrip section (s8 -12), are orientated obliquely (commonly about 50° ± 20°) to the strike 

of flo\;I banding recording 1ocal or small-scale directional information during late-flo\;I phases. 
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2.3. Ben Lomond Flow Stratigraphy 

The stratigraphy of three primary outcrops: roadcut; airstrip; and scarp; from the southwestern flow 

are described. Together with information from secondary sites {s14, 19, 21, 30 and 44) and from 

sections comprising the southern flow, a composite flow stratigraphy may be assembled. 

2.3.1. Roadcut section (s7). 

The top 10 m of the flow stratigraphy is best observed at the Poihipi road cut (Fig. 2.5), comprising: 

FVP with obsidian plates and areas of denser pumice with flow striations; OBS with secondary 

spherulites containing shrinkage cavities; and a pinkish pumiceous breccia that cuts across both the 

FVP and OBS units. The roadcut section is interpreted as a lateral section through a carapace flow 

ridge. 

The total exposed thickness of FVP at s7 is 6.5 m (Fig. 2.6), with the upper wavy eroded contact being 

unconformable with younger pyroclastics Oargely 20 ka deposits). The loose, unconsolidated pumice 

that comprises most of the FVP layer, fragmented into shards during a late-flow phase. Obsidian clasts, 

plate-like in appearance, comprise laminae of 5 mm thickness and of high apparent aspect ratio. 

ROADCUT SECTION Partly vegetated post 50 ka tephras 
and 20 ka ignimbnte 

(southern side of Poihipi Rd.) 
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Fig. 2.5_ Road cut section .s7 showing finely vesicular pumice, obsidian and breccia fabrics below a mantle 
of 20 ka and 50 - 20 ka ashes. 
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Fig. 2.6. (a) obsidian plates and clasts within unconsolidated fragmental pumice shards, comprise the 
upper exposed 1.33 m of the northern cut, Poihipi Road. (b) unconsolidated fragmental pumice (lower 5.2 
m of section) showing irregular contact with the explosion breccia. (c) dense pumice (density= 1.2- 1.5 
g/cm3) showing flow striations (southern cut). 
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Inter-laminae zones are rich in voids with bubble septa oriented perpendicular to plate surfaces. The 

clasts are oriented generally northeast. 

The obsidian unit dips from 028/63° NW to 144/27° NE and outcrops as part of a rampart structure or 

ridge disrupted by a breccia that cuts across both OBS and FVP units. The obsidian is black, aphyric 

and spherulitic, and contains (at s7) no primary voids that distort flow banding. Spherulites contain 

hollow shrinkage cavities with a pale grey disrupted margin comprising finely radiating acicular 

needles. The irregular shrinkage cavities have a long axis approximately parallel with the flow banding 

dip. Foliation surfaces show fractured surface rinds and surface cracks approaching a sigmoidal form 

oblique to flow striations (Fig. 2.7). 

The explosion breccia unit consists of large angular to subrounded pale pink, pale grey, and white 

finely pumiceous blocks up to 1.2 m size, and grey perlitic obsidian, set in a matrix containing three 

I 
I 
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I long axis of secondary voids 

'\ 
I 

groove (flow striae) direction 

I 

strike of surface skin cracks 
--

Fi . 2.7. Foliation surface (location in OBS unit, F~g. 2._5) orie?tated 065/58°N! showing flow striation 
di~ections on a cooling surface, oblique to the long axis of mterfolial secondary v01ds. 
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sizes of material : c. 60 mm and c. 3 - 10 mm sized black, grey, pink, and brown glassy clasts; in a fine 

ash-sized loose white material. The origin of this unit is discussed in chapter 3.8. 

2.3.2. Airstrip section (s8 - 12). 

The airstrip section is a scarp, approximately 300 m long and 25 m high, interpreted as being fault 

controlled (Uoyd, oral comm., 1988). 

At the northern end of the section nearest s7, the outcrops at sa and s9 cut FVP and OBS, and are 

interpreted as being near the basal part of the flow carapace. Divergent flow banded zones in the OBS 

unit formed from tensional stresses operative during late flow and cooling phases. The OBS layer 

contains primary voids that distort the flow banding, flow striations and tubes, and polygonal cooling 

fractures (Fig. 2.8a). 

F 2 8 ( ) Pol onal cooling fractures that have cut across surface striatio?s and_ tubes (~ow ~arks) on 
t~:-di~~rge:t lim.;~r an obsidian ridge, s9. (b) Schema~ic diagram ~r. the airstnp section lo~tm: :it:~~itf~ 
The dark band in the OBS unit represe~t.s dense grey lineated obsidian and the paler grey an P 
obsidian with a secondary porosity attammg 20%. 
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Steeply dipping zones of alternating grey lineated obsidian and spherulitic obsidian, where the 

secondary voids overprint the primary flow banding, crop out down the airstrip scarp face between 

s10 and s12 (Fig. 2.8b). Spherulites occur preferentially in the grey bands. The section also has poor 

exposures of pinkish-grey pumiceous breccia, similar to the explosion breccia at s7. 

2.3.3. Scarp section (s1 - 6) 

The Whangamata fault scarp, approximately 65 m high at s1, and 20 m high 1600 m to the northeast 

at s6, provides a continuous section into the upper two-thirds of the flow stratigraphy, including the 

central core of the Ben Lomond flow. Nowhere is the base of the flow exposed. At s6, a small exposure 

of FVP {0.4 m thick), conformable with the underlying OBS zone, is the only occurrence of FVP along 

the entire scarp. This suggests that at least 6 m of the carapace is missing (6.5 m is observed at s7). 

This estimate provides a lower limit for the thickness of the FVP layer. At s3, a pocket of breccia disrupts 

the OBS unit, and lies above a spherulitic transition zone (which includes lenses of brown glass), and 

a crystalline rhyolite core, best seen at s1 (Fig. 2.9). The flow units will now be described, from the 

OBS layer to the central RHY core. 

The OBS unit (15 - 20 m thick) is characterised by medium-spaced, near-vertical jointing, black aphyric 

obsidian passing downwards into grey flow banded fabrics, and spherulite-rich and -poor discon­

tinuous layers parallel to the steeply dipping flow banding. Within the top 5 m rare gas blisters occur. 

The largest, at s6, contain interior septa perpendicular to cooling surfaces (ie. the blister margins), 

SCARP SECTION 
SW 

's1-s s1 s4-
110 m Spherulitic Brown glass 

CJ 
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pumice 

c:=i 
Obsidian Breccia ~ 

Transition 
zone fabrics 

c:::=J 
Rhyolite 

Fi . 2.9. Schematic diagram of the Whangamata Fault Scarp s~ction. Shrinkage j~ints (me?ium to_ wi~e 
jo!t spacing) and flow banding orientations are shown best at sites 1~ and 5 res1;ec~1vely. J omt sp~mg 1~ 

the OBS unit is less than that of the central RHY unit and flow banding _is steeply dippmg toward the erre 
vent. Approximately 90% of the scarp section is obscured by vegetation. 

18 

NE 



similar to those of the OBS unit in the Haumingi flow, Okataina Volcanic Centre. At s3, spherulites 

preferentially occur in the grey flow bands, suggesting that nucleation sites for spherulite growth are 

more common in these bands. At s5 and s3, the flow bandina declination steepens from about 25° 

(base) to 85° (top), dipping north to northwest toward the inferred vent. 

A pod of explosion breccia, consisting of pale grey and white angular pumice blocks, and obsidian 

clasts, disrupts the lower half of the OBS unit and occurs above a transition zone to the central RHY 

core. The breccia pod margin is jagged consisting of platy OBS clasts with plastically deformed 

primary voids, and fractured clasts of grey lineated obsidian. Unlike the breccia/OBS margin of s7, 

perlitic brown glass is virtually absent. The explosion breccia contains angular clasts, with elongated, 

tapered voids of high aspect ratio. 

The transition zone (fZ), of variable thickness, is dominated by secondary spherulites up to 30 mm 

diameter. Relict glass between discrete spherulites is less than 5% by area. Associated with the 

spherulitic transition zone are ax:iolite tubes (350 mm length and 20 mm width at s3b), and lenses of 

brown glass 1.5 - 1 O m at s1-south, occasionally with black flame-like obsidian clasts. Between the 

brown glass and the spherulitic transition zone, the contact is sharp. However the TZ/OBS and the 

TZ/RHY contacts are gradational over a one metre extent. 

The rhyolite unit is the central crystalline core of the Ben Lomond flow. Lithophysae and spherulites 

with well developed shrinkage cavities attain 140 mm diameter. These voids are secondary as they 

partly cut the primary foliation, although they deform the flow bands around their outer margins. The 

rhyolite is yellowish-brown and flow-banded with a resinous lustre indicating partial devitrification. The 

rhyolite is annealed along joint surfaces and is characterised by widely spaced shrinkage joints that 

formed after devitrification during cooling to ambient temperatures. 

2.3.4. Secondary outcrops; southwestern flow. 

Five other sites are briefly noted, confirming the flow unit descriptions from the three main sections. 

At s44on the northwestern margin, foliation orientations in the OBS unit steepen from 58° - 85°, E to 
d 

SE, toward the inferred vent near s21. This latter site has pink devitrified rhyolite, dipping at 17 WNW, 

typically partly brecciated with rare associated hydrated interstitial obsidian. Site 14 shows thin 

tube-like voids in finely lineated black OBS, indicating closeness to the c. 10 m carapace zone. Site 

19a-d is a section on the southern slopes of the flow, exposing weathered FVP breccia (outcrop extent 

1 m) and OBS with tight disharmonic flow folds (s19c) that generally dip towards the vent. Site 19d is 

typified by a train of voids (aspect ratio = 2.66), whose parallel long axes are aligned obliquely to and 

cross-cut the flow bands implying that they are secondary features. Finally, s30 at the eroded toe of 

the southwestern flow, is characterised by an OBS/TZ succession similar to that at s1. Flow band 

orientations, highlighted by lenses of brown glass less than 2 m thick, steepen from 30° - 81° NNE up 

the cliff face. 
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2.3.5. Southern flow. 

At s54 - 56 and s64 - 65, prominent outcrops of aphyric obsidian form the eroded margin of a second 

flow, the southern flow. The total flow length extends for 3.8 km, from an inferecl vent just north of s21 

(Lloyd pers. comm., 1988). North of a line adjoining s56, s58, and s59, no outcrops were observed 

as the flow is draped by 20 ka ignimbrite. The eastern margin of the flow extends from s59 to 

T17/684863 where a drillhole intersected obsidian 72 m below the surface. Evidence for a tapering 

flow margin at s59 is that FVP with obsidian clasts containing primary voids outcrop at an equivalent 

topographic level to the deeper OBS layer exposed at s57-58 and s60. At s56, a fault-controlled valley 

dissects the entire exposed thickness of the OBS unit (25 m). The fault is downthrown to the southeast 

as there is no OBS/TZ contact on the southeastern side of the valley. Remanent FVP occurs at s64 

between projecting obsidian ribs with an arcuate strike surface, similar to s8 and hence formed by 

processes described in section 2.2. Sites 53 and 56 are inferred to be close to the FVP/OBS contact, 

based on a textural similarity to the spherulitic black obsidian at s7. The contact, although largely 

missing (except at s64), is inferred to slope approximately parallel to the present surface of the flow. 

When matching the inferred FVP/OBS and OBS/TZ contacts with those same contacts on the s1-6 

scarp of the southwestern flow, a throw of about 50 m is suggested for the Whangamata fault, which 

increases toward Lake Taupo. This displacement would have occurred after the emplacement of the 

southern flow. Explosion breccia associated with the OBS layer is poorly exposed at s56 and s64b. 

At s64b, a sharp contact with.the 20ka ignimbrite is delineated by non-vesicular obsidian fragments, 

perhaps related to carapace disruption by the emplacement of an explosion breccia nearby. As at s1, 

53, and 530, brown glassy lenses at s65 are associated with axiolitic and spherulitic fabrics that mask 

or overprint primary flow fabrics - namely the obsidian that was formed from rapid cooling of the original 

lava. 

2.3.6. The Development of a Composite Stratigraphic Column. 

From the evidence in section 2.3, for the roadcut, airstrip and scarp sections, supported by observa­

tions from secondary sites and the southern flow outcrops, a composite column can be compiled 

representing the complete accessible stratigraphy exposed for the Ben Lomond dome flow lobes (Fig. 

2.10). The upper two-thirds, or65 m of the flow comprises: an eroded FVPtop; OBS; explosion breccia; 

TZ (with spherulitic fabrics and brown glass); and a central core of RHY. A variety of fabric parameters, 

outlined in chapter 3, were measured down the flow profile providing Information on emplacement 

processes and properties. 
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CHAPTER 3. 

AN EMPLACEMENT HISTORY FOR BEN LOMOND RHYOLITE. 

3.1. Introduction. 

A composite profile, compiled for the Ben Lomond flow (chapter 2.3.6)rom the roadcut, airstrip and 

scarp sections, provides a basis for fabric profiling: the measurement of parameters such as density, 

porosity, primary void aspect ratio, volatile content, autoclast aspect ratio, spherulite diameter and 

proportion, and microlite size. From these profiles, an insight can be gained on both the emplacement 

history and the physical properties of the Ben Lomond rhyolite flows. 

3.2. Density and Porosity. 

The density and porosity of the Ben Lomond flow lithologies was determined by the following equation: 

P = Pwl'Tldry/(msat - msub) 

where ITldry = dry mass 

msat = saturated mass of sample in air 

(3.1) 

msub = saturated mass of sample while submerged in water 

Pw = density of water 

Both profiles (Fig. 3.1), provide indirect information on the distribution of volatiles in the emplacing 

lavas (Fink and Manley, 1987). For the FVP and explosion breccia pumices, the porosity is entirely 

from primary voids, wheras for the OBS and RHY layers, porosity is largely from secondary spherulites 

with shrinkage cavities. True porosity (from primary voids) is determined from the following equation: 

Vp = (1-rTlclry/pg Vtot)X100 % (3.2) 

where ITldry = dry mass, pg = grain density and Vtot = total volume. For the OBS layer, Pdry (the dry 

bulk density) may be considered as follows: 

Pdry = (pobs- aobs) + v>air-avoids)- (3.3) 

As primary voids are volumetrically neglig.l ble it is assumed that the proportion of obsidian (aobs) is 

equivalent to 1 - avoids where avoids is all secondary voids. 

Therefore Pobs = Pdry -;- aobs- (3 .4) 

Thus when secondary porosity is removed by the above procedure, profiles may be derived that are 

characteristic of the emplacing lava. Below 1 O m depth, there is a suppression of vesicularity, due to 

the weight of the over1ying lava (Manley and Fink, 1987). 
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Fig. 3.1. Density and porosity profiles for Ben Lomond rhyolite flow, showing mean density and porosity 
(J f'V:,•OBS,8explosion breccia,u RHY, including secondary porosity) and deduced primary density/ 
porosity at emplacement (- - -) . Error bars represent one standard deviation. The total number of 
determinations was 163, with at least three repeat determinations per level. Data are listed in Appendix II. 

3.3. Void Aspect Ratio. 

Variations in the void aspect ratio - namely the long axis length:short axis length measured from 

scanning electron microscope (SEM) and petrographic thin-section slide, provide information on: 

a. stress directions in the lava during cooling, where principle stress parallels void long axis; 

b. the rheology of the surrounding fluid (molten lava); 

c. the vapour pressure in the voids. 

Points b and c are linked in the following way. If the vapour pressure of the void is exceeded by the 

pressure of the surrounding liquid lava exerted on the void, deflation of bubbles occurs. The opposite 

case is true for bubble inflation, but this may be prevented by the viscosity of the melt and the overlying 

weight of the lava (Sherman, 1968; Fink and Manley, 1987). For fluid basaltic lavas, void aspect ratios 

are low because gas bubbles rise to the surface and are quickly deflated (Moore, 1987). The low 

viscosity of the lava does not record the stress directions within the cooling carapace, unlike more 

viscous lavas. 
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Vesicles in the FVP are tapered and elongated (Fig. 3.2) with high void aspect ratio (Rv) values between 

15 - 30. Within the obsidian clasts of the FVP layer, there are three populations of voids corresponding 

to: central low aspect ratio (Rv = 1.5 - 2.5); surface blisters (Rv = 2.5); surface flow marks or tubes 

(Rv == 30). lntraclast voids occur as large blisters near plate surfaces and between plates suggesting 

rapid cooling of plate surfaces and local foaming during volatile loss from clast interiors, during middle 

to late flow phases. Supporting evidence for this interpretation is the low Rv value of the interplate 

foam compared to the high Rv value for the tapered elongated deflated vesicles of the dense pumice. 

This suggests that the viscosity of the lava (that later cooled to form glass), was lower during the 

deflation of the dense pumice and higher during the local foaming forming the interplate voids. 

Alternatively, local tensile stresses were less intense during interplate void formation. In addition, 

intraplate cracks occur in some instances perpendicular to cooling surfaces as do most interplate void 

septa. 

In contrast to the high mean Rv value and its large standard deviation exhibited by the void populations 

of the FVP carapace, those of the explosion breccia tend to be lower (Rv = 10 ). Rare gas blisters in 

the upper black obsidian of the OBS layer, have aspect ratios of less than 5. 

3.4. The LOI - H20 + profile. 

Loss on ignition (LOI) values include some adsorbed water (H2O-), bound H2O + (as hydroxyl groups) 

and a mass component from the oxidation of Fe2+(Lechler and Desilets 11987). LOI was determined 

by the standard method (Maxwell, 1968; in Hutchinson, 1974) using a tetraborate flux bead. The LOI 

component from the oxidation of Fe2 + is additive to the observed LOI value, hence may be ignored. 

Accurate Kari Fischer titration by Westrich (1987) on water-poor obsidians, show that adsorbed H2O 

exists at less than 400°C,and at high temperatures}400°C, OH groups are dissolved within the glass. 

Thus, the proportion of mass lost by furnace heating of a powdered sample between 400 - 1 ooo°C 

approximates to the bound water (H2O+) in the glass. In addition LOI between 500 - 1000°C was 

measured. All LOI results are listed in Table 3.1. 

The difference between LOI (400 - 1000°C) and LOI (500 - 1000°C) values for the FVP and explosion 

breccia pumices (Fig. 3.3a), is attributable to the upper tail of a large H2O- mass peak. Low 

temperature non-magmatic H20- is easily adsorbed to the surfaces of pumices with an inherently high 

surface area/Volume ratio. Water contents are uniform throughout the OBS, TZ, and RHY layers 

except for an enriched value on the upper carapace FVP and the explosion breccias of the scarp (s3) 

and road cut (s7). Values determined from LOI (500-1 ooo0 C) from obsidians compare very favourably 

with those from Kari Fischer water analyses. For example, an obsidian from s7 contained 0.11 % water 

when heated between soo-1000°C. A value of 0.10 ± 0.006 wt% total water was obtained from Karl 

Fischer titration from three duplicate analyses on an obsidian from the same site (Westrich writt. comm., 

1989), and a plot of wt% water versus pyrolysis temperature is illustrated in Fig. 3.3b for this sample, 

and three others from the Ben Lomond flow. Distal flow samples of obsidian from s30 and s59 have 

0.08% and 0.06% total water respectively. Although these values are lower than that of s7, a proximal 

sample, the limited number of results precludes an interpretation on degassing losses, with increasing 
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Table 3.1 Loss on ignition determinations for Ben Lomond flow fabrics 

sarGpie 

BL#1 (1) 
-----(2) 
-----(3) 
-----(4) 
-----(5) 
-----(6) 
-----(7) 
-----(8) 
-----(9) 
-----(10) 
-----(11) 
-----(12) 
-----(13) 
BL#2 (7) 
BL#2 (9) 
BL#2 (10) 
s50 

oos 

FVP 
obs plate,FVP layer 

FVP 
obs plate,FVP layer 

EXPLBR 
hydrated brown glass 

CBS 
hydrated brown glass 

EXPLBR 
glassy clast, EXPL BR 

CBS 
OBS (airstrip section) 

EXPLBR 
brown glass TZ layer 

A-iY 
epiclastic br. 

Av. LOI, (VUW) 
sequential furnace 

LOI (105 - 1000) WU 
LOI (400 - 1000) WU 
LOI (500 - 1000) WU 

H2o+ 
H;P 

LOI 

2.37 
0.22 
0.29 
1 .61 
0.32 
3.12 
1 .41 • 0.22 (n = 2) (.27) 
1 .46 
2.92 
1 .92 
0.34 

0.30 (n = 2) 
3.64 (3.32). 

n.d 
0.17 
0.91 

n=8 
n = 4 
n = 5 
n = 4 
n=4 

Ewart et al. (1968) 
Taylor et al. (1986) 

LOI (400 - 1000) 

1.33 ± 0.3 (n = 2) 

0.65 ± 0.2 (n = 2) 

0.71 ± 0.1 (n = 2) 

0.25 ± 0.03 (n = 2) 
0.59 

0.23 ± 0.01 (n = 2) 
1.35 ± 0.15 (n = 3) 

0.30 
n.d 

0.28 ± 0.05 
0.59 ± 0.04 
0.34 ± 0.07 
0.24 ± 0.02 
0.07 ± 0.03 

0.18 
0.14 

* LOI 105-1000, furnace University of Waikato 
All others determined at VUW. 

LOI (500 - 1000) 

0.37 
0.06 
0. 11 

0.49 
0.06 
0.32 
0.16 
0.05 

0.18 
0.15 
0.10 

0.51 
0.02 
n.d 

0.72 

distance from the vent during the flow emplacement. According to Westrich (writt. comm., 1989), there 

appears to be no difference in the water contents between proximal and distal parts of the flow. 

The Karl Fischer analytical values compare favourably with 0.14% water determined by Taylor et al. 

(1986) for Ben Lomond obsidian, and appears more precise than the value of 0.2% H20 + from sample 

P28361 in Ewart et al. (1968). 

3.5. Development of Primary Vesicularity. 

Before a silicic magma is extruded, it loses most but not all of its dissolved volatiles at a depth of 1 

kilometre or less (Taylor et al. 1983). Eichelberger et al. (1986), proposed that degassing occurs on 

magmatic ascent, the magma expanding on decrease in pressure into a permeable foam within the 

conduit, and that collapse of the foam occurs during flow across the surface. My observations suggest 

that collapse must occur within the upper conduit, and that effervescence during effusion recurs in the 

upper part of the flow. Supportive evidence includes the wide range of aspect ratios of pumice vesicles, 

and the enrichment of H20 + in the FVP layer in contrast with the OBS and RHY units. Additional 

physical evidence is from s9 where the FVP contains grey lineations between coarsely pumiceous 

zones, characterised by tear-drop shaped gas blisters (20 mm length) with intra-void fibrous septa. 

These vesiculated zones point to local collection of volatiles, squeezed out from deeper parts of the 
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carapace, migrating through cracks (via a decompressional process) perpendicular to cooling planes 

(e.g. lineation or flow-layer surfaces). 

These observations are supported by those of Manley and Fink {1987), and Houghton (oral comm., 

1988) for other flows. The overburden pressure of the carapace FVP is negligible, being insufficient to 

balance the vapour pressure of the dissolved water. Bubbles expand in the primary stress direction 

of the moving lava, becoming elongated and tapered. On rapid cooling, the surrounding liquid 

comprising the inter-void septa becomes plastic as the viscosity increases causing the voids to deform 

and deflate. The base of the FVP layer represents a horizon below which the vapour pressure is 

insufficient to counteract the load pressure, and so marks the lower limit of effervescence. Thus the 

beginnings of deflation of the upper conduit foam forming an OBS layer must have been an early 

pre-extrusion event. Any rare gas blisters (primary voids that distort pre-existing primary flow banding), 

must then exist owing to local slight increases in dissolved water content. Their low Rv value is a result 

of: 

a. large (cm - m scale) intervoid distance through which flow stresses are propagated; 

b. lower interior viscosity and higher overburden pressures acting to increase the surface tension 

of the developing gas blisters. 

The anomalous high aspect ratio voids and volatile content of the explosion breccia will be explored 

in section 3.8. 

3.6. Clast Aspect Ratio. 

The apparent clast aspect ratio is defined as Re = long axis length/short axis length (Peterson, 1979), 

as measured from a two dimensional outcrop face. The apparent clast aspect ratio (Fig. 3.4a) is high 

for obsidian clasts and plates in the FVP carapace, indicating a rapidly cooling outer flow skin 

undergoing brittle fracture and rafting down the edges of flow ridges and rampart structures. At s7, 

avalanching of clast-rich parts of the FVP carapace caused fragmentation of pumice and deformation 

(asymmetric folds and small-scale laminae folds) of the still partly plastic obsidian clasts. Carapace 

clast groove directions (Fig. 3.4b) are predominantly between 070° - 080°, supporting an avalanching 

process occurring adjacent to a projecting obsidian ridge, near the margin of the flow lobe. 

For a lateral transect across the explosion breccia of s7 where the sample number (n) equals 100 

(rather than the usual n = 20 per sampling quadrat), the Re values and standard deviation (s) values 

are uniformly low and may reflect violent late-flow brittle fracture during violent emplacement. 

3.7. Spherulite Diameter and Proportion Profiles. 

Mean spherulite diameter decreases up the profile from more than 30 mm (RHY layer lithophysae and 

TZ spherulites) to less than 1 o mm in the OBS layer (Fig. 3.5.). The proportion of spherulites is greatest 

above the central RHY layer, where spherulitisation overprints primary flow fabrics such as flow 

banding. The acicular crystals that form spherulites (alkali feldspar and quartz) are anhydrous, so as 

a spherulite crystallises around a nucleation point (for example, a microlite), volatiles diffuse away 
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Fig. 3.5. Spherulite diameter and proportion profiles compiled from field measurements and observations 
from the Ben Lomond flow unit section. The inferred step-function of the composite profile for d is the 
result of an apparent layering in outcrop, where foliation occurs perpendicular to measurement faces, 
whereas the profile from s6 is parallel to foliation. S% is compiled from the composite profile (s7, 10-11,1) 
and s3 from field estimates and from S = 1 - aoas where a is the proportion of glass. 

(Best, 1982; Cas and Wright, 1987; Manley and Fink, 1987). Secondary lithophysae nucleate, 

overprinting primary flow banding and inflate in a devitrifying RHY layer plastically distorting flow 

lineations during the slow cooling of the interior of the flow. Once the vapour pressure is exceeded 

by the load pressure, lithophysae collapse as volatiles are expelled along cracks within the RHY layer. 

Some are also deformed by later localised flowage within the central thermally insulated flow core that 

remains mobile for the longest time. This local heating could be a response to thermal feedback, a 

mechanism postulated by Nelson (1981 ). 

The RHY layer volatiles from secondary lithophysae and the initiation of groundmass crystallisation, 

form a halo around the core where the TZ layer spherulites grow, virtually masking any original primary 

fabric such as obsidian. Therefore, the profile describing the proportion of spherulites is an indicator 

of secondary volatile migration. 
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3.8. The Origin of the s3 and s7 Explosion Breccias 

A breccia pod occurs at s3 directly above the spherulite-rich transition zone. The presence of 

elongated vesicles in the breccia is a problem as the breccia at s3 lies below the depth at which primary 

effervescence took place. With an H2O + content approximately five times greater than the adjacent 

OBS and RHY units, an origin associated with a local vapour pressure increase caused by the migration 

of gas through lava is suggested. At s3, the marginal obsidian breccia has lower aspect ratio voids 

(Rv ~ 7.0). Usually, the weight of the overlying lava (more than 35 m) would preclude the formation 

and stability of primary voids, unless there was a secondary volatile enrichment (Fink and Manley, 

1987). The breccia then fragmented either owing to movement of the surrounding flow, or was related 

to the explosive release of volatiles. 

The origin of s7 as an explosion breccia during late flow-phase is supported by the following lines of 

evidence: 

a. the breccia cross-cuts both FVP and OBS units; 

b. the inverted conical shape of the breccia outcrop, suggesting an origin from below the base of 

the section (road level), and explosive release via at least two fissures; 

c. the largest of the clasts occurs in the central part of the major exposed fracture or pipe(Fig. 3.6); 

d. the irregular contact with the FVP unit, suggesting explosive projection of clasts into, and 

disrupting the FVP; 

e. the breccia-OBS contact is delineated by a brown per1itic glass, containing angular and lenticular 

fragments of black aphyric spherulitic obsidian from the adjacent OBS unit; 

f. the brown perlitic margin has a volatile content intermediate between the volatile-poor obsidian 

and the volatile-rich breccia pumice and grey perlitic obsidian, suggesting localised hydration of 

the obsidian margin during explosive volatile release. 

The contrast in morphology between s3 and s7 explosion breccias indicates that s3 represents an 

ear1y phase - namely a pod-shaped volatile enrichment zone in a halo above the central devitrifying 

rhyolite. Later during flow, tension fractures opened in a brittle carapace acting as pathways for the 

explosive release of volatiles forming an inverted cone shaped deposit (in cross-section) as at s7. 

3.9. Microlite Morphology and Size Profile: Implications for Emplacement 
Thermal Regime. 

Microlites occur throughout the FVP and OBS layers as well as the interspherulite glass of the TZ layer. 

They are entirely absent from the pumice of the explosion breccia. Their identification is difficult in the 

RHY unit as groundmass devitrification textures and limonite staining tend to mask any birefringence 

exhibited by existing small crystal laths c~ 50 µm long) and microlites. Concentrations of microlites 

in the OBS layer delineates the primary flow banding (Fig. 3.7a). Two populations of microlites exist, 

best seen in the OBS layer: tabular laths or plates including thin cross cutting platelets (a:c = 2:1, 

i = 125µm); and elongate rods (a:c = 1 0 - 15, l = 14µm). E~pe:imental studie~ in t_he literat~re 
(Lofgren 1974· Swanson, 1977; Muncill and Lasaga, 1988} indicate tabular m1crol1te form_at,on 
during a'low' u~dercooling ( t1T < 50"C) regime, 'w'hereas the elongate rods formed at h1ghe) 
undercoolings ( AT > 150"C), at temperatures exceeding 600° C (Swanson et al. 1985 -
Crystallisation occurred under isothermal 
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Fig. 3.7a. Photomicrograph of flow banded obsidian showing microlites of 14 µmaverage length with 
flow-aligned long axes. (400x magnification) 



conditions during near-complete dewatering while undergoing magmatic decompression on ascent 

(Westrich et al. 1988). The elongate rods also formed later than the tabular microlites, as the rods flow 

around rotated tabular laths. Therefore the tabular microlites formed at low undercoolings nearest the 

magma chamber, whereas the rods formed at higher undercoolings away from the magma chamber. 

The regularity of length of the rod-like microlites throughout the flow section suggests that their 

crystallisation history is independent of post-eruptive cooling (Fig. 3. 7b). Hence their locus of 

formation is constrained between the magma chamber and the surface, that is, in the conduit prior to 
eruption. 
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Fig. 3.7b. Microlite length profile, Ben Lomond flow. 
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3.1 O. The Emplacement History of the Ben Lomond Flow. 

From fabric profiling and structural data, a sequence of events (Fig. 3.8) is proposed. Aspects of such 

a model may be tested for example, by trace element chemical data from samples taken throughout 

the flow profile, discussed in chapter 4. 

Rare phenocrysts (plagioclase and Fe-Ti oxides), and 50 µm length laths of plagioclase and biotite) 

formed in the chamber. Microlites formed between the chamber and the surface within the conduit, 

and during ascent segregated into bands that later deformed during eruption and flowage. Vesiculation 

occurred in the upper 300 m of the conduit giving rise to possible pre-lava pyroclastic activity from the 

fragmentation of a gas rich silicic foam although no clearly identifiable outcrops exist of a pre-lava 
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pyroclastic sequence. Collapse of an inflated foam occurred in the upper conduit followed by 

effervescence and elongation of vesicles in the FVP carapace during flow. Primary vesiculation was 

largely suppressed at depths greater than 1 O m. As the carapace cooled, the flow stratigraphy was 

disrupted by the still molten moving lava beneath, stressing the carapace forming flow ridges, rampart 

structures, and fracturing and rafting of obsidian clasts within the FVP. The formation of the explosion 

breccia was a later flow feature, connected either with local volatile enrichment from a halo surrounding 

a devitrifying flow interior, or from interaction with ground water. Disruption of the FVP and OBS layers 

took place from decompressional opening of carapace tension cracks, causing the explosive release 

of volatiles. Spherulites formed associated with small gas cavities in zones of volatile enrichment within 

the TZ layer. Those that formed around such cavities in the OBS layer, before and after the 

emplacement of the s7 explosion breccia, cross-cut primary flow banding and were only slightly 

deformed by compression (Av ~ 2.5) when the vapour pressure of voids was exceeded by pressure 

from the overfying thickness of lava. Single spherulites without associated gas cavities and with aspect 

ratios of 1, formed after flow cessation and later joints formed during cooling to ambient temperatures. 
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Fig. 3.8. Emplacement history of events, Ben Lomond flow. 
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CHAPTER 4. 

DEGASSING HISTORY, CHEMISTRY, AND INFERRED 
VISCOSITY OF THE BEN LOMOND RHYOLITE FLOW. 

4.1. Introduction. 

Viscosity is a fundamental property of magmas, contributing to eruption style and landform morphol­

ogy. During eruption, the viscosity of lavas is affected by its crystallinity, volatile content, temperature, 

chemistry (or degree of polymerisation), yield strength and morphological factors such as basal slope 

and flow thickness. As the viscosity of rhyolite lavas has rarely been measured directly in the field, 

viscosity of emplaced lavas can be estimated using two approaches: a method based on the chemistry 

and physical properties of the magma after Shaw (1972); and a method based on the morphology of 

the arrested flow after Hulme {1974), Wilson and Head {1983); Zimbelman {1985), assuming a Bingham 

rheology. 

Microlite form and petrography provide some information on pre-eruption magmatic processes at 

depth. Estimated magma temperature and volatile content, from a well constrained degassing model 

for rhyolite lavas (Westrich et al. 1988) is critically assessed, and provides a framework for interpreting 

the degassing history of the Ben Lomond magma. Major and trace element chemistry for a composite 

section through the Ben Lomond flow is outlined, and comparisons are made between the relative 

mobility of soluble trace elements and fabric variations within the lava. A review of the methods of 

estimating viscosity and inferring the rheological behaviour of the flow is followed by the calculation 

of the viscosity of the Ben Lomond flow and the generation of a flow viscosity profile during early and 

late flow phases. 

4.2. Inferences on Subsurface Processes. 

Below is a summary of results pertaining to the pre-eruption history of the Ben Lomond magma: 

a. the magma is essentially aphyric, with very rare phenocrysts of plagioclase, Fe-Ti oxides including 

augite and hypersthene with laths of plagioclase and biotite less than 50 µm long; 

b. volatile contents are low in the OBS layer; 

c. microlites exist in 2 populations - tabular and elongate, and delineate the primary flow banding; 

d. a regularity of length of elongate microlites occurs in the FVP and OBS layers. 

The above results provide a window on processes operative at depth. Biotite crystallised in the magma 

chamber under hydrous conditions with water contents greater than 4.3% (Ewart et al. 1975; Dunbar 

and Kyle, 1989; Hervig et al. 1989). Paradoxically, the low water content within the surface OBS layer 

Oess than 0.2%) suggests a significant degassing between the chamber and the surface. For lavas 

that are largely aphyric, the magma crystallisation temperature is a good approximation to the lava 
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temperature (Carmichael, 1974). Rare phenocrysts of plagioclase ( approximately 5 observed in 100 

thin sections) crystallised in the chamber. The small plagioclase and biotite laths crystallised in the 

chamber later than the rare large plagioclase phenocrysts, as the laths are flow-aligned around the 

margins of the phenocrysts. The uniformity of length of the elongate microlites suggests that their 

crystallisation proceeded independently of the post-eruptive thermal history, implying formation in the 

conduit. From laboratory based crystallisation studies (eg. Swanson, 1977; Muncill and Lasaga, 1988), 

the two microlite populations crystallised at different undercooling temperatures - the tabular popula­

tion at so°C and elongate at 150°C. Although such laboratory experiments were performed at higher 

pressures (1 kbar) and water contents (20 - 30%) (Lofgren pers. comm. 1989) to facilitate rapid 

crystallisation, the form of the crystals approximates that of natural conditions. The undercooling 

temperatures for both populations above, would be considered maxima, as these were determined 

for synthetic binary silicate solutions. Minimum undercooling estimates would be 2s0 c and 1 oo0 c 

respectively for natural silicate systems (Lofgren pers. comm. 1989). 

The tabular population formed first and thus closest to the magma chamber as the rod-like elongate 

microlites flow around the margins of the tabular laths. Therefore the undercooling temperature - the 

difference between the magma temperature and the water-saturated liquidus, increases on magmatic 

ascent in the conduit as the pressure decreases and volatile contents decrease. The lack of reaction 

rims and resorption on the margins of the biotite laths and rare plagioclase phenocrysts respectively 

suggests an uninterrupted ascent of the Ben Lomond rhyolitic magma. 

4.3. Magma Temperature Estimation. 

For basalt lavas, temperatures have been measured directly by thermocouples or optical filament 

pyrometers, and comparisons have been made with Fe-Ti oxide geothermometry and glass geother­

mometry (Helz and Thornber, 1987). 

For viscous rhyolite lavas, no lava flows have been observed hence direct temperature measurements 

have not been obtained. Laboratory measurements to determine liquidus and solidus temperatures 

as an upper and lower limit to emplacement temperatures of silicic lavas is extremely difficult 

(Carmichael, 1974). An uncertainty is introduced by the water content which can strongly affect the 

liquid us temperature. 

For example, an attempt was made to estimate the glass transition temperature (solidus) of the Ben 

Lomond rhyolite by fusing powdered obsidian in the OTA furnace at a heating rate of 10°C per minute. 

The heat applied to grains of polymerised glass, being from the outside-in, was the reverse of original 

conditions. Tack welding occurred near 1000°c; this exceeds temperature estimates and stability 

temperatures for crystals determined from mineral-pair geothermometry for the rhyolites (Ewart et al. 

1975), and measured glass transition temperatures of approximately 670°C (Navrotsky, 1981). A 

possible reason for the high tack-welding temperature was that the heating rate (at 10°C / minute) and 

run time (30 minutes) was too rapid. Additional physical constraints include differences in the physical 

nature of the obsidian - a continuous cooling fluid versus grain-to-grain contacts of a rapidly heated 

powdered sample. 
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Any endothermic peaks associated with possible changes of state or release of volatiles above 300°c 

in DT A were subtle and difficult to interpret. Liquid us temperatures are also difficult to determine from 

furnace-type experiments. For example, the bulk composition of an anhydrous obsidian with 

plagioclase and biotite crystals, is not quite the same as that of subsurface crystallisation from a 

hydrous liquid (approximately 4% water) under pressures exceeding 2000 bars. The heating and 

quenching of samples in the laboratory by this method, would not give reliable results for a viscous 

calc-alkaline lava. 

Laboratories for determining T g (glass transition temperature) and Tt (fusion temperature) under 

varying pressures and volatile contents, are unavailable in New Zealand. 

For a nearly aphyric lava, the temperature is inferred as approximating closely, the crystallisation 

temperature in the chamber (Carmichael, 1974; Cas and Wright, 1987). Certainly, for slowly cooling 

aphyric lavas, this assumption seems valid. For example, Wright et al. (1968) measured via ther­

mocouple, the temperature of a basalt lava lake as 1160°C. By extrapolating the chemical composition 

of older pumice, an initial temperature of 1200°c is inferred. For the Inyo domes, Vogel et al. (1985) 

calculated from Fe-Ti oxide geothermometry, variations of ± 50°C within the conduit bisected by the 

drill hole. The range of estimates of 884-948°C exceeds the mineral pair error suggesting that 

differences in crystallisation within the conduit occur owing to co-mingling of two magmas. Glass from 

the pre-dome plinian phase and lava, give the same estimates of temperature, suggesting that no 

significant variation in temperature occurs during ascent of the magma in the upper 600 m of the 

conduit. Therefore, the low cooling or conduction rates of glass (Gable & Shankland, 1984) formed 

on quenching via dewatering during decompression (Westrich et al. 1988) preclude significant 

variations in the temperature of the magma on ascent. However, the significant decrease between the 

water contents of the magma (4%, Naney, 1983) and lava (0.2%) points to considerable differences in 

the rheology of the melt between magma chamber and surface, a rising water saturated liquidus and 

increased undercooling of the melt. 

As only two crystals of "opaques" were observed in approximately 100 thin sections, magnetite -

ilmenite geothermometry by the method of Buddington and Lindsley, (1964) and Andersen and 

Lindsley (1988) is not feasible. Fe-Ti oxide temperatures are closure temperatures (Lofgren oral comm. 

1989). Thus the previous thermal history of the magma such as the separation of the Ben Lomond 

magma from the other rhyolite magma in the chamber, is unknown. As P H2O is unknown, the 

plagioclase-glass geothermometry method of Kudo and Weill (1970) cannot be used either. 

Temperature can only be inferred for Ben Lomond lavas from crystallisation experiments of granitic 

fluids under changing temperature, water content and pressure from laboratory studies by Piwinskii 

and Wyllie (1968), Whitney (1975), Naney (1983) and Whitney (1988). 

Fig. 4.1 shows a phase diagram of a synthetic granite at a pressure of 200 MPa, in particular the stability 

field for biotite + plagioclase + clinopyroxene (augite) ± orthopyroxene (hypersthene). 
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Fig. 4.1. Temperature H20 phase diagram for a synthetic granite at 200 MPa pressure showing the region 
of stability of co-existing biotite (B), orthopyroxene (0), clinopyroxene (C) and plagioclase (P) (from 
Naney, 1983). 
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For Ben Lomond, only one crystal of hypersthene was observed and fess than three augite 

phenocrysts. At 200 MPa, the upper limit of biotite crystallisation under hydrous conditions is sso0 c, 
and with co-existing plagioclase at approximately 825°C. The lower limit for co-existing plagioclase 

biotite and clinopyroxene is 775°C at water contents exceeding 3.5%. The sparse distribution and 

small size of biotite laths suggests that few nucleation sites were available for crystal growth. This may 

be caused by a short residence time of the Ben Lomond magma in the chamber and inadequate time 

for phenocryst nucleation and/or the arresting of diffusion controlled crystal growth by the decrease 

in H2O on ascent. Unlike the phenocrysts of site 50, there is no evidence of resorption or reaction rim 

formation. Plagioclase phenocrysts lack oscillatory zoning. Thus a temperature estimate of the Ben 

Lomond magma of between 775°C - 825°C (average approximately aoo0 C) appears reasonable, and 

is consistent with other Taupo Volcanic Zone biotite-bearing lavas (via Fe-Ti oxide geothermometry 

of Ewart et al. 1971; 1975) and those from other rhyolites (e.g. Warshaw and Smith, 1988). 

4.4. A Degassing Model of Rhyolite Magmas: the Inyo Domes. 

From drillhole and surface data from glass inclusions, airfall tephra, conduit and dome samples, 

Westrich et al. (1988) documented a complete record of the degassing history of a rhyolite magma 

(via measurements of H2O, Cl, S, and F) at Obsidian dome in the Inyo Chain, northern California. Their 

evidence suggests two processes by which magma can lose its volatiles: isothermal decompression; 

and isobaric crystallisation. 

Available evidence suggests that the two processes are sequential. That is, the dome/flow glass 

compositions represent melt compositions at the end of the decompression stage and prior to second 

boiling, this being prior to dome emplacement and during early flow. 

The initial volatile content was at least that required for the stability and crystallisation of hornblende 

in the magma chamber ( 4% Naney, 1983, at temperatures of 930°C, Vogel et al. 1985). The dome 

magma (0.2% H2O) lost 97% of its original water by decompression, strongly undercoating the magma 

and inhibiting further crystallisation. Degassing and isothermal decompression occur over days within 

an eruptive timescale (Eichelberger et al. 1986). However, as the decompression of the magma during 

ascent occurred, H2O is reduced from 4 to 0.1% and the liquidus (Naney, 1983; Westrich et al. 1988) 

rises to 11 oo0 c at 1 MP a water pressure (Fig. 4.2). Therefore the dome magma is strongly undercoated 

relative to the water saturated liquid us. The 4% to 0.1 % H2O decompression would cause a ~ 4 

orders of magnitude increase in viscosity between the chamber and the surface. 

Magma with 4% water began to vesiculate on ascent as the confining pressure declined below 100 

MPa or 4 km depth. At porosities more than 60%, rhyolite becomes highly permeable to gas flow. By 

diffusion, H2O + in silicate polymers diffuses into inflating voids. Void interconnection allows porous 

gas flow, achieved as the magma approaches 500 m depth (Eichelberger et al. 1986). Wet magma 

begins to leak gas prior to reaching the surface into a permeable breccia-filled vent funnel, formed 

during the initial explosive phase of the eruption. The inflation of the magma into a foam (60% porosity, 

1.2% H2O at 500 m depth) would cause a further increase by two orders of magnitude (in addition to 
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the four orders of magnitude viscosity increase from dewatering alone between chamber and surface), 

as bubbles would act as rigid spheres impeding shear (Roscoe, 1952). 

Low H20 at near surface levels would suppress further isothermal crystallisation forming microlites. 

Swanson (1977) measured nucleation and growth rates for common rhyolite liquidus phases (quartz 

and feldspar) in water undersaturated granitic melts at high pressure which suggested that larger 

undercoolings in dome/flow magma would result in more nucleation sites than in the intrusion 

(conduit). The abundance of microlites imparting a flow banded texture in the Inyo dome indicates 

that nucleation occurred immediately prior to the extrusion of the dome magma, within the upper 

conduit. 

The vapour pressure throughout the dome bled off to near atmospheric pressure before bubble 

collapse began. The degassed foam then collapsed during extrusion. The pumiceous carapace did 

not undergo collapse because of rapid cooling and a load pressure of less than two bars. The interior 
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of the dome collapsed during extrusion to form obsidian. Hence collapse of the stiff inflated foam 

during flow, would give a net viscosity increase of four orders of magnitude between the chamber 
and the surface. 

4.4.1. Supportive physical evidence for the degassing deflated foam emplacement model 
based on Obsidian dome. 

The degassing model and collapse of a foam to form obsidian is a scenario for the emplacement of 

rhyolitic lavas that is the reverse of the traditional view: thatthe flow pumice is foamy lava (Eichelberger, 

1989); and that the magmatic source is stratified as a dry magma with a wet top and sides (Friedman, 

1989). 

The following evidence provides the supportive basis for the degassing and emplacement model of 

Eichelberger et al. (1986) and Westrich et.al. (1988). 

Firstly the presence of vesiculated glass at about 600 m depth in the conduit with bubble contents 

attaining 60% and volatile contents of approximately 1.15% on fresh unaltered glass suggest: the 

presence of a volatile-rich magma; the inflation of the magma during ascent; and the lower water 

content compared to that of the chamber. 

According to Eichelberger et al.(1988), deflation of the foam could only occur with the presence of a 

permeable pyroclastic funnel. Such a funnel is present under Obsidian dome (Vogel et al. 1985). 

Existence of a vent funnel is also evident by an increase of accidental lithics toward the top of the 

pre-dome plinian sequence (Miller oral comm. 1989). 

Secondly, the deflation of the emplacing foam at the surface is supported by the following lines of 

evidence: 

a. decrease in H2O content of glasses from the vent area hole ADO 2B to the distal flow (hole ADO 

2A); 

b. the lack of obsidian around the vent area in contrast to the flow margin (Swanson et al. 1989); 

c. the decline of bubble content with increasing depth into the flow. 

In addition, Westrich and Eichelberger (1989) conducted some experiments vesiculating samples of 

glass at ooo°C for 30 minutes after which they were heated at ooo°C for two days at 0.1, 0.2, 0.4 and 

1 MPa presssures. The results indicated that bubbles in a magmatic foam could be completely 

resorbed at pressures as low as 0.4 MPa. Resorption is incomplete at lower pressures. Thus these 

tests (according to Westrich and Eichelberger) demonstrate that a permeable magmatic foam can 

collapse to a dense obsidian without preservation of relict vitroclastic textures found in welded tufts. 

4.4.2. Objections to the degassing - deflated foam model. 

Objections to the degassing and deflated foam emplacement model have arisen from Friedman (1989), 

and, on physical grounds (particularly associated with the emplacing lava) from Fink, Manley and 

Ondrusek (oral comm. 1989). 
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Friedman's (1989) major objections are concerned with the mechanism of degassing, the explanation 

for vesicularity in flows and domes, and the formation of obsidian. His contentions are: 

a. that the magma body was dry (0.3% H2O) but that a water-rich selvedge developed in the magma 

chamber at the margins from water uptake from the environment; 

b. that kneading of water-rich and water-poor magma accounts for obvious zoning of vesicularity 

in flows and domes, as well as chemical heterogeneity of the magmas (rhyolite and dacite); 

c. that a lack of evidence exists for the rewelding of the foam to form obsidian. 

The above three contentions were all effectively countered by Eichelberger (1989). Firstly, biotite and 

hornblende crystals In the Inyo magmas would not be stable in a magma with 0.3% water. Secondly, 

excess water cannot be generated over lithostatic internal vapour growth necessary for bubble growth. 

Friedman's explanation is not supported by bulk water contents (Westrich et al. 1988) intrusion derived 

H2O, or the isotope data of Taylor et al.(1983). Thirdly, the lack of physical evidence in the obsidian 

layer for the rewelding of the former foam is beyond the ability of the petrographer as complete 

resorption occurs. 

Fink, Manley and Ondrusek's objections are based primarily on textural evidence from detailed fabric 

studies of both drill holes carapace and flow front exposures. Their evidence points to the collapse of 

the foam in the conduit and effervescence during emplacement to account for layers like the coarsely 

vesicular pumice (CVP). Westrich does not consider the upper 10 m comprising the flow carapace 

(Westrich oral comm. 1989). However, within the carapace textures, evidence of void elongation in 

the direction of flow, and effervescence from sudden overburden removal during overturning of the 

upper flow stratigraphy (Manley pers comm. 1989) runs counter to the deflation of the foam during 

flow. The basis of Eichelberger and Westrich's observations and theoretical model Is derived from 

only two holes. The CVP is not taken into consideration, and mentioned only briefly associated with 

one of the figures in Eichelberger et al. (1986). In addition, the porous flow model of Eichelberger 

(1986) is based on the permeability of nitrogen gas through pumice. The inferred permeability of gas 

through interconnecting bubbles has not been directly measured for magmatic materials although 

Whitham and Sparks (1986) inferred high permeability of pumice in water. In a magmatic foam, the 

permeability of gas through interconnecting voids would in part be a function of the viscosity of the 

void walls not taken into account by Eichelberger {1986) in his porous flow model. 

Unlike the statements of Eichelberger et al. {1986) and Swanson et al.(1989) that no obsidian layer 

(upper OBS) occurs near the vent, Fig.1 of Manley and Fink {1987) show a column representing RDO 

2B with an upper obsidian layer present. However, a lack of OBS (above the CVP) at the drill hole site 

occurs. The rigid surface plug (equivalent to the thickness of the FVP) is less than half the thickness 

of the plug at the distal RDO 2A hole site. According to Manley and Fink, these thickness variations 

may reflect the proximity of the core to the vent area where locally high heat flux could have acted to 

decrease the lavas yield strength, thus minimising the thickness of the upper OBS layer. 
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4.4.3. Summary: Some modifications for the model. 

In contrast to the traditional stratified chamber model, the degassing model of Eichelberger et al. (1986) 

and Westrich et al. (1988), although based on limited core-hole sections, best explains the physical 

changes accompanying decompression of a hydrous rhyolitic melt. However, textural interpretations 

of the flow stratigraphy, particularly in the carapace zone, point to modifications in the scenario of 

Westrich and Eichelberger - namely collapse in the conduit and elongation of voids during flow. 

Several pertinent questions can be posed. Firstly, can void aspect ratio profiles distinguish between 

deflating of the magmatic foam at the surface during flow or in the upper conduit? Secondly, would 

collapse during flow, or in the upper conduit be decipherable given that post- and syn-emplacement 

effervescence by either model would obscure textural evidence and clear definition between each 

scenario? 

If the outer layer according to Eichelberger et al.(1986) did not collapse because of rapid cooling, and 

a load pressure of less than 2 bar, then the FVP layer should have low aspect ratio voids and a more 

limited range of void populations. Westrich and Eichelberger have not looked at textural variations, 

aspect ratios, void size and shape variations or void populations suggesting stages of effervescence. 

Their main line of evidence is purely textural - the vent area is more vesicular than the distal flow core. 

Void aspect ratio studies should help support the expanding foam scenario from examination of 

conduit samples within the South Inyo Crater. Conduit geometry between both the South Inyo Crater 

and Obsidian dome conduits should be different as the former magma fragmented but did not reach 

the surface and the latter formed a dome. Differences in the behaviour of the magma is probably more 

a function of conduit geometry, permeability of country rock rather than H2O content. The approximate 

33% porosity of South Inyo Crate~a;~~ming equilibrium between vapour pressure and lithostatic load, 

and an overburden density of 2.5 g/cm3 should give a water content of 2.2% (Eichelberger et al. 1988). 

This is higher than the H2O content determined for Obsidian dome of 1.15% in the conduit at a 

comparable level. Further implications for degassing are discussed in chapters 8 and 9. 

Void aspect ratio profiling through the scattered Ben Lomond outcrops support the modification of 

Eichelberger and Westrich's model that collapse occurs within the conduit and re-effervescence during 

flow. 

4.5. Ben Lomond Degassing History and Implications for the Rheology of 
the Magma. 

As no drillhole data and feeder conduit samples are available for Ben Lomond, information on 

subsurface degassing processes and the rheology of the ascending magma is fragmentary. The 

degassing model of Eichelberger et al. (1986) and Westrich et al. (1988) takes into account the physical 

changes in the magma between chamber and surface and is thus the best current model which explains 

the paradox posed by dry massive obsidian lavas and petrologic evidence for their high pre-eruptive 

water contents. Therefore the subsurface degassing history of the Ben Lomond magma is here initially 

interpreted using the model of Westrich et al. (1988) (Table 4.1). 
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Fig. 4.3. Estimated decompression paths for the Ben Lomond magma. The range of inferred magma-lava 
temperature is from Fig. 4.1. The water saturated liquidus at pressure P3 has not been measured for 
Obsidian dome or Ben Lomond. However, the shaded region (rising water-saturated liquidus) has been 
adjusted from Fig. 4.2 and is a best estimate. The degree ofundercooling (refer A and B) has an approximate 
error of± 50° Lofgren pers. comm. (1989). 
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The initial magmatic water content for Ben Lomond lava is unknown but a value of 4.5 ± o.8 wt% has 

been determined from melt inclusions in phenocrysts from the Taupo ultraplinian event (Hervig et al. 

1988). This compares favourably to the estimates based on thermodynamic calculations of p H2O 

and f H20 by Ewart et al. (1975) to infer minimum conditions near water saturation of 5% for 

cummingtonite phenocrysts (for lavas of the Okataina Volcanic Centre) at estimated temperatures of 

crystallisation. The thermodynamic approach would be the simplest and most generally applicable if 

not for the present lack of reliable experimental and thermodynamic data for micas and amphiboles 

(Clemens, 1984). 

The difference in morphology of the two microlite populations point to a rising water saturated liquid us 

and increased undercooling with decreasing water content and confining pressure, thus suppressing 

further crystallisation and yielding a glassy rhyolite lava (Fig. 4.3). 

Evidence of the original vesiculation of the foam is lacking owing to the unavailability of conduit 

samples. Circumstantial evidence for the existance of such a foam may come from the epiclastic 

breccia at s50 that consists of vesicular to dense glassy clasts of porosities between more than 50% 

and 0%. The s50 breccia is crystal-rich with respect to the aphyric Ben Lomond lava, and thus 

represents a fragmental deposit of a different batch of magma from a different vent. The morphology 

of the low aspect ratio voids at s50 is similar to those of the main breccia zone adjacent to the conduit 

at a drillhole slant depth of 643 m, and the ejecta from the South Inyo Crater ( Eichelberger et al. 1988). 

The main difference is that the ratio of void diameter to intervoid distance is larger for the clasts at s50, 

suggesting near surface void expansion and fragmentation from shallow steam explosions. The lack 

of any other exposures of this deposit prevents more definitive interpretation. 

The physical data, particularly void aspect ratio (Rv) values from Ben Lomond supports collapse of a 

foam within the upper conduit and re-effervescence during flow. Supportive evidence is from at least 

3 - 4 populations of voids in the carapace FVP and highly elongated and tapered shapes. Those 

primary voids of highest aspect ratio within the glassy lineations of the dense FVP layer (s7) and the 

uppermost OBS layer (s14, s44) are interpreted as representing early-formed and collapsed vesicles. 

Collapse occurred as the exterior of the foam was deformed by flow within the upper part of the conduit. 

Effervescence of the FVP occurred also within the upper conduit on collapse of the foam and also 

during early flow phase. Voids were able to be preserved as the vapour pressure exceeded the ambient 

pressure from the surrounding carapace during increasing viscosity on cooling. The OBS unit formed 

from collapse of the foam where the overburden pressures exceeded the vapour pressure of the voids 

causing either disappearance of the voids to beyond the detection of the petrographer, or highly 

compressed lineations (Rv .! 60) where the short axis was at or beyond resolution to measure. 

4.6. Ben Lomond Chemistry. 

Analyses of major element oxides and trace elements by X-ray fluorescence at the analytical facility 

at Victoria University of Wellington on 33 samples was undertaken to provide a lateral section at site 

7 across three fabric units representing a carapace section, and to compile a composite section 

through the Ben Lomond lava flow. From 1 O analyses of fresh obsidians, variation in the OBS unit and 
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between proximal and distal sections can be tested and the trace element chemistry of both flow lobes 

can be compared. Also, this new data adds to previous analytical data on other rhyolites in the Ben 
Lomond region. 

The major element chemistry may be used in the calculation of viscosity via the method of Shaw (1972), 

and the trace element chemistry, to further constrain the migration of secondary volatiles. Two 

ideas may be exp1ored: 

a. the aphyric OBS layer best represents the chemistry of the original magma prior to secondary boiling; 

b. the difference between the OBS and RHY layer chemistry points to the partitioning of elements 

during isobaric crystallisation via secondary volatile migration. 

r£9101u 
Table 4.2. Major and trace element geochemistry of the Ben LomondArhyolites. Major elements (wt%), 
where t = total FeO + Fe203 expressed as Fe203, and * = original analytical values are tabulated on a 
volatile free basis. For the trace elements, duplicate pellets were made for each sample giving 4 
measurements of trace element concentration (in ppm) per sample. Concentrations are tabulated as mean 
± 2 standard errors. n.d. = not detectable. Analyses 1 - 33 are listed below with sample description, fabric 
unit, sample site and Waikato University number. 

2 3 4 5 6 7 8 9 10 11 12 13 

Si02 75.46 n.08 77.03 76.84 77.10 77.03 77.26 76.93 76.92 76.79 76.78 77.06 76.99 
T'°2 0.20 0.18 0.18 0.17 0.18 0.19 0.18 0.17 0.18 0.18 0.18 0.18 0.18 
Al2°-3 14.32 12.47 12.52 12.78 12.49 12.74 12.44 12.59 12.53 12.58 12.82 12.51 12.47 
Fe203t 1.60 1.40 1.40 1.44 1.39 1.44 1.39 1.38 1.40 1.43 1.45 1.41 1.41 
MnO 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 
MgO 0.25 0.25 0.23 0.22 0.22 0.23 0.21 0.21 0.23 0.25 0.24 0.23 0.24 
CaO 1.04 1.10 1.11 1.10 1.10 1.10 1.11 1.10 1.10 1.10 1.10 1.09 1.10 
Na;?() 3.82 3.98 4.03 3.92 3.96 3.69 3.85 3.90 3.87 4.14 3.88 3.99 4.08 
K;?() 3.29 3.46 3.45 3.46 3.49 3.52 3.49 3.65 3.66 3.46 3.48 3.46 3.46 
P;Ps 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 

Total' 100.00 99.44 99.77 99.70 99.44 99.78 99.73 100.00 100.16 99.12 100.22 100.19 99.77 
LOI" 2.37 0.22 0.29 1.61 0.32 3.12 1.41 0.22 0.22 1.46 2.92 1.92 0.34 

14 15 16 17 20 21 23 24 27 28 29 30 31 32 33 

Si02 77.02 77.03 77.10 75.86 77.20 77.06 77.12 77.08 77.22 76.36 76.69 77.10 48.39 75.01 78.16 

T'°2 0.18 0.18 0.18 0.19 0.17 0.18 0.17 0.18 0.18 0.20 0.19 0.19 1.10 0.25 0.10 

Al2°-3 12.49 12.46 12.49 13.84 12.46 12.48 12.59 12.61 12.48 13.16 13.26 12.96 17.23 13.50 12.28 

Fe2°-3I 1.36 1.37 1.39 1.52 1.38 1.40 1.38 1.37 1.31 1.59 1.52 1.34 10.34 1.83 1.11 

MnO 0.05 0.05 0.04 0.04 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.02 0.17 0.05 0.04 
MgO 0.24 0.24 0.30 0.29 0.28 0.30 0.21 0.19 0.29 0.15 0.26 0.22 7.44 0.46 0.18 
CaO 1.10 1.11 1.13 1.08 1.11 1.12 1.09 1.08 1.13 1.09 1.00 1.07 12.61 1.57 0.68 

Na~ 4. i ~ 4.11 4.01 3.79 3.78 3.94 3.84 3.92 3.95 3.84 3.60 3.73 2.43 3.89 3.90 

K;P 3.43 3.43 3.35 3.37 3.56 3.47 3.55 3.51 3.40 3.54 3.41 3.34 0.16 3.42 3.54 
0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.13 0.02 n.d P;?()5 0.02 0.02 0.01 0.01 

100.32 99.21 99.74 99.22 99.57 99.49 99.44 99.24 99.85 99.17 99.19 99.93 99.31 99.36 Total" 99.44 
0.39 2.84 0.91 LOI" 0.31 0.28 0.36 3.64 0.17 0.32 0.30 0.35 0.74 0.49 1.04 0.76 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

3.7 4.3 4.4 4.0 3.6 3.1 3.9 3.8 3.9 3.3 4.9 
Sc 4.2 3.5 4.3 3.3 

9.0 8.6 8.6 9.1 8.5 8.8 9.0 8.2 9.9 10.0 9.7 9.5 8.8 9.0 8.0 V 
n.d 0.2 n.d n.d 0.2 n.d n.d 0.2 0.6 n.d 

C, n.d n.d n.d n.d 0.1 
1.4 1.2 1.7 1.5 1.2 1.9 1.5 1.8 1.1 1.0 1.5 0.7 1.0 Ni 0.6 0.7 

2.9 2.3 2.2 1.6 2.8 2.1 2.6 2.9 2.3 2.2 2.9 2.4 2.9 2.9 Cu 2.4 
34 36 35 35 36 36 36 36 35 36 36 36 Zr 42 36 35 
13 13 12 13 13 13 11 13 12 

Ga 14 13 12 12 12 13 
2.8 2.7 2.6 3-"I 2.8 2.9 3.2 2.8 3.2 3.4 3.0 2.1 3.5 As 2.4 3.1 

121 117 120 123 122 122 123 118 121 127 126 
~ 113 121 122 118 

83 85 86 85 82 83 84 85 84 
Sr 79 83 84 81 84 81 

22 22 21 21 20 19 21 22 21 21 21 y 23 20 21 19 
157 157 158 157 156 156 157 158 159 159 z, 176 156 156 156 156 

6.6 7.0 7.0 6.3 5.2 6.2 5.9 6.8 5.0 6.7 6.5 6.7 6.5 
~ 7.0 6.2 

658 670 671 667 667 656 663 667 663 
Ba 777 665 666 6TT 665 663 

19 21 19 19 19 21 19 21 20 20 20 20 19 
La 21 20 

40 40 40 39 43 43 43 41 39 41 
40 40 40 16 c.e 43 39 

16 13 15 15 14 14 17 14 15 15 
Pb 17 14 14 15 

13 12 12 13 14 11 14 13 12 12 13 
Th 14 13 13 13 

3.3 2.7 3.5 2.9 3.1 3.5 3.4 3.3 3.7 3.5 u 3.6 3.0 3.0 3.0 3.2 
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Sc 
V 
C, 
N, 
c;., 
Zr, 
Ga 
As 
Ft, 
Sr 
y 
Zr ,,., 
Ba 
La 
C,e 
Pb 
Th 
u 

Sc 
V 
C, 
NJ 
c;., 
Zr, 
Ga 
As 
R, 
Sr 
y 
Zr ,,., 
Ba 
La 
C,e 
Pb 
Th 
u 

16 17 18 19 20 21 22 
3 9 ± 0.9 4.2 :t 0.9 3.5 :t 0.7 4.2; 0.5 3.7 :t 0.3 7.2 :t 0.2 7 9, 0. 7 8 :t 0.5 4 0 ± 0.6 3 7:t 0.5 
02: 0 4 7.7 :t 0.5 7.8 ± 0 5 7.9 :t 0.3 03:03 02:02 0.6 = 0.4 0.6 :t O 3 

7.3 ± 0.6 
n d 0 1 : 0 6 e d 0.2" 0.2 0 4 ± 0.1 0.2 = 0 6 07=08 3 7 :t 0.3 52:05 4 0 :t O 5 0.2; 0 4 n.d 

35 4: 0.3 38,03 43:t05 3.5 ! 0.3 49 6: O 6 40 1 :t O 3 33 0 :t 0.2 33!02 
13.2, 0.3 30.9 :t 0.3 35 8 1 0.6 13.3 ! 04 125=0.6 12.8 ± 0.3 31.9 :t 0.6 
2.9 :t 0.2 12 1 :t 0.6 130±0.5 2.8 = 0 6 2.9 = 0.0 129±0.5 

123.3 :t 0.9 2.7 ± 0.3 2.5 ± 0.7 3.2 :t 0.3 i 15.3 ::t 0.7 117.3; 1.4 3.3 ± 0.2 
85.6 ± 0.3 112.3 ± 1.0 119 5 ± 1.7 123.2 ± 0.6 81.2 ± 0.5 83 1 ± 1.6 844±0.9 82.9 ± 1.6 

118.5 ± 0.3 
23. 1 ± 0.3 21 7 :t 0.8 84.7 ± 0.7 85.0 ± 0.1 20.6±1.26 22.8 :t 0.7 20.0 ± 0.6 156.7 ± 0.4 170 6 ± 2.4 23.3 ± 0.6 20.5 ± 0.3 160.0 ± 2.3 158.6 ± 1.4 161.0± 1.0 6.7 ± 1.0 6.5 ± 1.0 6.7:t 0.6 6.4 ± 0.8 6.9 ± 0.7 

157.6 ± 0.8 155.6 ± 1.1 
664.0:t 2.4 721.9 ± 9.6 662.2 ± 12.9 6.7 ± 0.8 6.6 ± 0.9 
17.8; 0.3 17.9±0.7 

665.0:t 7.2 672.5 ± 13.8 665.5 ± 2. 1 653.6 ± 2.6 
40.3± 1.7 

17.5 ± 1.3 18.9 ± 0.3 18.0 ± 0.5 17.9 ± 0.4 42.6 :t 1 .0 39.8 ± 1.2 17.3±0.5 
15.7:t 0.4 15.0 :t O 7 

41.3 ± 1.6 40.4 ± 0.2 41.5 ± 1.3 40.1 ±2.9 
133!0.4 

18.6 ± 0.5 15.3 ± 0.4 14.6 ± 1.0 14.8± 1.2 13 7 :t 0.3 12.0,0.8 16.1 ± 0.5 
3 3 = 0.2 

13.1 ± 0.6 12 8:t 0.7 13.0 ± 0.2 3.o :r a 4 3 0 :t 0.6 13.1 ± 0.7 3.1 ± 0.5 2.9 :t O 4 3.0 :t 0.2 3 0 :t 0.2 

27 28 29 30 31 32 33 

3.9:t0.5 5.8 4.2:t 0.4 2.7 ± 1.0 42.4 ± 0.9 4.9 ;c 0.6 
7.9 :t 0.4 8.4 8.4 ± 0.7 9.5 ± 0.9 278.9 ± 0.8 

3.2 ± 0.3 

0.3 ± 0.2 
10.2 ± 0.7 4.2 ± 0.4 

0.2 0.4:t 0.3 0.7±0.3 172.8 ± 0.5 0.2 ±0.1 0.2 ± 0.4 0.5 ± 0.2 1.2 1.9 ± 0.2 0.4 ± 0.4 53.9 ± 1.0 0.1 ± 0.3 n.d 2.3 ± 0.4 2.8 6.2 :t 0.8 4.0 ± 0.4 63.0 ± 0.3 3.2 ± 0.2 3.4±01 43.9 :t 0.2 28 105.7 ± 0.1 28.6 ± 0.2 102.3 ± 0.7 50.1 ± 0.4 36.0 ± 0.4 12.6 ± 0.5 14 13.0; 0.6 13.8 ± 0.5 17.4± 0.6 13.8±0.4 
2.9 :t 0.5 13.3 :t 0.6 

1.8 3.8 ± 0.3 9.7 ± 0.5 0.8 ± 0.5 3.1 ±0.4 
121.9 ± 0.5 124 118.8± 0.5 121.4 ± 0.3 4.7 ± 0.2 

3.7 ± 0.2 
114.9± 0.8 141.1 ± 1.1 84.4 ! 0.5 101 80.1 ± 0.6 85.6 ± 0.4 347.0, 1.3 124.6 ± 0.3 

22.5 ± 0.5 45.3 ± 0.3 
15 18.9 ± 0.8 18.9 ± 0.5 18.9± 0.6 22.9 ± 0.1 

158.1 ± 1.1 27.8 ± 0.4 
186 172.2 ± 2.4 1691±101 58.9± 0.7 192.9± 1.8 103.4 ± 0.9 

6.6 ± 0.2 6.4 7.4 ± 0.9 7.1 ± 0.6 2.0 ± 0.9 7.0 ± 0.5 6.2 ± 0.6 
665.7 ± 3.5 687 742.5 ± 3.6 627.8 ± 23.2 67.6 ± 2.7 706.5 ± 3.0 721.7 ± 1.7 17.7 ± 0.6 21 16.2 ± 0.6 17.3± 1.0 n.d 17.7 ± 0.5 20.8 ± 0.7 
40.8:t0.3 41 37.6 ± 2.0 36.9± 0.7 20.9:t 1.7 40.7 ± 1.3 47.9 :t 1.2 
15.5 ± 0.8 16 165 ± 0.6 13.9± 0.6 2.3± 0.8 15.5±0.7 16.5 ± 0.7 
13.5:t 0.5 13 13.6 ± 0.4 13.1 ± 0.5 1.9 ± 0.5 12.4 ± 0.2 15.0 ± 0.6 
3.2 ± 0.3 2.5 2.9 i 0.3 3.2 ± 0.3 n.d 2.9 ± 0.1 3.8 ± 0.6 

1 unconsolidated pumice (FVP) s7, (WT.26800) 
2 obsidian plate (FVP) s7, (WT.26801) 
3 obsidian plate (FVP) s7, (WT.26802) 
4 dense pumice (FVP) s7, (WT.26803) 
5 vesiculated obsidian clast (FVP) s7, (WT.26804) 
6 pumice clast (EXPL BR) s7, (WT.26805) 

23 24 

3 5 :t 0.5 2.9 :t 0.3 
7.8, 0.7 8.5 ± 0.4 
0.2; 0 1 0.3 i 0.2 
04:03 0.3 c! 0.5 
3 5 e O 1 39;03 
37.4 :1 0.4 34.8 ± 0.3 
13.2 ± 0.4 13.5 :t 0.5 
3.2 :t 0.5 2.8 ± 0.6 

121.3 :t 0.7 121.3 ± 0.2 
85.2, 0.5 85.6 ± 0.4 
20 0 ± 0.1 18.3±0.6 

159.3 ± 0.5 157.8 ± 0.4 
6.4 ± 0.8 6.4 ± 0.8 

660.9 ± 9. 1 662.8± 3.2 
16.7±0.5 15.9 ± 0.2 
40.1 ± 1.0 36.9 ± 1.2 
14.1 ± 0.2 14.7 ± 0.9 
13.1 ± 0.3 13.3 ± 0.5 
2.9 = 0.2 3.1 :t O 1 

7 brown perlitic margin (EXPL BR/OBS contact) s7, (WT.26806) 
8 spherulitic black obsidian (OBS) s7, (WT.26807) 
9 (duplicate of8) (WT.26808) 
10 brown perlitic margin (OBS/EXPL BR contact)s7, (WT.26809) 
11 pumice (EXPL BR) s7, (WT.26810) 
12 grey perlitic obsidian clast. (EXPL BR) s7, (WT.26811) 
13 foliated black spherulitic obsidian (OBS) s7, (WT.26812) 
14 grey foliated obsidian (OBS) sll, (WT.26813) 
15 duplicate of 14 (WT.26814) 
16 grey foliated obsidian (OBS) s3, (WT.26815) 
17 pumice (EXPLBR) s3, (WT.26816) 
18 spherulitic rhyolite (TZ) sl, (WT.26817) 
19 brown glass (TZ) sls, (WT.26818) 
20 flow banded rhyolite (RHY) sls, (WT.26819 
21 black obsidian (OBS) s6(.14), (WT.26820) 
22 spherulitic obsidian (TZ) s6(.9), (WT.26821) 
23 brown flow banded rhyolite (RHY) s6(.1), (WT.26822) 
24 brown flow banded rhyolite (RHY) s16, (WT.26823) 
25 black obsidian (OBS), southern flow s64b, (WT.26824) 
26 brown perlite (duplicate of analysis 7) (WT.26825) 
27 TO standard (Auckland University), (WT.26826) 
28 pink spherulitic rhyolite, Marotiri dome s24, (WT.26827) 

25 

3.5, 0.4 
7.6 ± 0.4 
0 1, 0.2 
05, 0.1 
3.9; 0 1 
35.1±0.5 
12.9 :t 0.7 
3.6 ± 0.4 

123.4 ± 1.1 
85.0 ± 0.6 
22.6 ± 0.7 

158.3 ± 0.9 
6.9 ± 0.1 

664.8 ± 2.0 
17.6 ± 0.5 
41.7 ± 1.2 
15.3 ± 1.0 
12.9 ± 0.1 
3.0 :!. 0.4 

29 pale brown pumice, Holyoake Stn. rhyolite s15, (WT.26828) 
30 pink flow banded lithophysal rhyolite, Holyoake Stn. rhyolite s2, (WT.26829) 
31 vesiculated basalt, K-Trig Basalt, s29 (WT.26830) 
32 orange pumiceous autobrecciated glass rhyolite, s28 (WT.26831) 
33 obsidian clast epiclastic breccia, s50 (WT.26832) 
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3 7 c! 0.5 
7.9 i 0.3 
0.2 ± 0.3 
0.5 :t O 5 
3.7; 0.2 
34.2 :t 0.2 
12.4 ± 0.6 
3.0± 0.3 

120.8 ± 0.4 
83.4 ± 0.6 
22.3 ± 0.4 

155.1 ± 0.8 
6.9 ± 0.1 

655.9 ± 2.4 
18.4 ± 0.5 
41.3± 1.0 
14.8, 0.9 
12.6 ±0.6 
3.3: 0.2 



4.6.1. Major element variations 

Major element oxide data for the Ben Lomond flow and other rhyolites are listed in Table 4.2 

recalculated on a volatile free basis. Real intrafabric variation occurs when variation exceeds that from 

duplicate determinations from two obsidians and one perlite fabric. 

Fig. 4.4 illustrates the SiO2, Al2O3, Na2O and K2O profiles compiled from a composite section 

comprising the roadcut, airstrip and scarp sections. Owing to difficulties in XRF bead preparation, 

major elements could not be reported for transition zone (TZ) fabrics. 

The SiO2 profile, shown in Fig. 4.4, is uniform for OBS and RHY fabrics. A depleted value occurs in 

the unconsolidated pumice within the uppermost part of the FVP layer, and the explosion breccia pod. 

However, the SiO2 value for the less porous explosion breccia of the road cut section is similar to that 

of the obsidian. 

The Al2O3 profile appears to be the reverse of the SiO2 profile in that the breccia pod exceeds the 

value for the explosion breccia at the roadcut section. In addition the weight percentage of Al2O3 is 

slightly greater in the RHY layer compared to the OBS layer. The slight difference in chemistry may 

occur during isobaric crystallisation when Al2O3 was preferentially incorporated into groundmass 

feldspar - quartz crystals - the former containing more Al2O3 than the original glass (cf. Smith, 1974). 

The Na2O profile shows a depletion of ~ 0.2% between the RHY and OBS units, a depletion of ~ 0.3% 

at the s3 breccia pod, and a variable amount of Na2O within the breccia pipe at s7. The slight depletion 

in the RHY layer and s3 pod may reflect the mobility of dilute sodic secondary vapour-phase fluids and 

will be examined further in section 4.6.2. 

The K2O profile shows a small peak at within the upper OBS of the roadcut section and within the RHY 

layer. The former site contains approximately 20 % spherulites consisting of K-feldspar and quartz (cf. 

Carmichael, 1982). 

The uniformity of the major element profiles particularly within the OBS layer attests to the tapping of 

one magma and emplacement of the flow en-masse, in contrast with the wide chemical variations 

owing to co-mingling of two magmas that formed some of the Inyo flows, northern California (Sampson 

and Cameron, 1987; Vogel et al. 1987). 

4.6.2. Trace element variations. 

For each sample, duplicate beads were prepared to give four sets of analyses, whereby a mean and 

2 standard errors ( 2s / n°·5 or 95% confidence interval) could be plotted. Hence in order to reliably 

detect interfabric and intrafabric variability, variations must exceed 2 standard errors. Variations within 

the machine detection limits of 5 ppm (eg. U, As, Cr, Ni, Cu, Sc) are ignored. 

Trace element profiles are plotted in Fig. 4.5. 

A depletion at the breccia pod of 4 and 7 ppm occurs for Sr and Rb respectively (3. 7 and 6.9% with 

respect to OBS layer). The depletion zone also coincides with the TZ layer for Rb. Variations are subtle 
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Fig, 4.4. Major element oxide variations (wt %) within the Ben Lomond flow. Oxides are plotted on a 
volatile free basis. 

and inconclusive within the Y profile, whereas, for the RHY layer intrafabric variation of ~ 2 ppm 

exceeds interfabric variation of ~ 1 ppm. La and Ce both gradually decrease down profile. The Zn 

profile is typified by wide intrafabric variation c~ 7 ppm) below the s3 breccia pod in the TZ and RHY 

layer, and pronounced enrichment in the breccia pod, not mimicked by the explosion breccia of the 

roadcut. Trends within the Zr profile show a peak of ~ 12 ppm or an 8.5% enrichment in the pod with 

respect to the OBS layer. For Ba, a peak in the s3 breccia pod and the unconsolidated FVP is the only 

distinguishing feature. For Pb, a peak of 3 ppm (21.6% with respect to the OBS layer) in the spherulitic 

TZ layer exceeds intrasample or intrafabric variation of 0.5 - 1 ppm. Thus the uniformity of the trace 

element chemistry of the OBS layer is the best representation of the eruption chemistry of the lava. 
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Trace element concentrations are identical between both proximal and distal sections, and also when 

the obsidians of both flows are compared. Hence effusion of the lava forming both flow lobes must 

have come from the same vent, or that both lobes emplaced at the same time. 

Down-profile variations in Na2O, Sr, Rb, Zn, Ba, and Zr appear to coincide with zones of secondary 

fabric (i.e. RHY, TZ, and explosion breccia layers) and are also correlative with variations in water 

content. An interpretation for the variations in trace element chemistry is as follows. Once isobaric 

crystallisation of the metastable glass began, secondary vapour-phase fluids migrated in a front, out 

of the thermally insulated central parts of the flow. Spherulites were able to nucleate and crystallise 

around rare phenocrysts or microlites within the volatile rich zone. But on formation of the K feldspar 

and quartz comprising the spherulite needles, volatiles were excluded, thus collecting into pockets at 

approximately 35 m below the flow surface. Vesicles inflated under 8 bar confining pressures, forming 

a stiff foam being 4 - 5 times more volatile rich than the surrounding lava. From the Inyo study other 

volatile phases present included 500 ppm Cl and 500 ppm F (Westrich et al. 1988),and 0.2 ppm CO2 

(Newman et al. 1988)frorf'I MohO kwo.s. 

Table 4.3. Cl analyses, Ben Lomond. 

sample location unit H:P+ (%) LOI(%) [Cl] (ppm) 

BL#1 (4) s7 FVP 0.4 1.61 890 

BL#2 (7) s3 EXPL.BR 0.5 3.64 860 

BL#2(11) s6 OBS 0.1 0.32 900 

BL#2 (10) s1 RHY < 0.1 0.17 520 

BL#1(4) analys·i·s 4, Table 4.2; BL#2(7) analysis 17; BL#2(11), analysis 21; BL#~(lO) ~~lysis_20 •. 
HzO + is estimated from LOI (500 - 1000°C). LOI values determined at the analytical facility Victona 
University of Wellington. Cl analyses were performed by Dr Steve Weaver, Geology Department, 
University of Canterbury, and have an accuracy of± 30 ppm. 

For a comparable calc-alkaline system such as Ben Lomond, halogens were present within the vapour 

phase of the lava during emplacement (Table 4.3). From Fig. 3.8, secondary textures formed late in 

the emplacement history at high undercoolings of between 200 - 400°C (Swanson, 1985), below the 

glass transition temperature ~ 670°C (Navrotsky, 1981 ). Therefore volatile migration at inferred 

temperatures of 700 - 5oo°C was via diffusion and crack decompression. At the cessation of flow, 

secondary volatiles were explosively released, forming inverted cone-shaped deposits as explosion 

pits. 

Fig. 4.5 may be interpreted as follows: 

a. localised depletions occur in response to migration of hot fluids through the cooling upper OBS 

b. 

layer and brittle FVP carapace; 
localised enrichment (e.g. in the breccia pod) occurs from upward migration of volatiles within 

the central units of the flow. 
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Very little geochemical data exists on the vapour phase mobility (e.g. diffusion) of trace elements at 
high temperatures. 

Assuming that H2O behaves as a bipolar fluid at temperatures of 700 - 500°C (the temperature 

estimated for post flow cessation and cooling from Figs. 3.8 and 4.3 ), the solubility of fluoride and 

chloride salts in hot water may approximate the actual mobility of the trace elements as displayed in 

Fig 4.5. The solubilities of RbCI and SrCl2 are comparable, exceeding that of RbF, SrCl2.6H2Q and SrF 

and thus may be likely agents of transport for Rb and Sr which exhibit similar depletion proportions in 

the explosion breccia. Both YCl3.6H2O and the less soluble YCl3 have low solubilities in contrast to 

RbCI. Y shows more subtle interfabric variations.Down profile variations within the RHY and TZ layers 

of the Zn profile may occur in response to the high solubility of ZnCl2 accounting for the maximum 

enrichment of Zn within the explosion breccia pod at s3. 

However. the coefficient of DR-0 and De-o which represent the partitioning of an element between 

RHY/OBS and explosion breccia/OBS respectively, when plotted against solubility (Fig. 4.6), is 

somewhat inconclusive and may suggest that at temperatures above the critical point of H2O, that 

transport of trace elements may occur as complex ions (Hodder oral comm. 1989). 

A cautionary note in interpretation of down-profile trace element variability, is the separation of effects 

of low-temperature groundwater metasomatism, and high-temperature secondary volatile migration 

discussed above. Enrichments, with respect to the OBS layer, are greatest for the high-porosity 

unconsolidated pumice of the FVP (analysis 1, Table 4.2). The magnitude of these enrichments is as 
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Fig. 4.6. Depletion / enrichment coefficients DR-0 and DE-o versus the solubility of trace element chlorides 
for Ben Lomond flow. 
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follows: Ba, Zn, Zr, Al2O3 in decreasing order, and are not matched in the dense pumice (analysis 4, 
Table 4.2). 

Similarly, enrichments within the explosion breccia pod of the scarp (porosity = 50%), are not matched 

with values from the explosion breccia of the roadcut (porosity = 21 %). The magnitude of these 

enrichments declines in the following order: Zn, AJ2O3, Zr, Ba. 

For both unconsolidated pumice and explosion breccia pod samples, depletions of 2.1 % and 1.6% in 

SiO2 occur with respect to the OBS layer. 

Metasomatic effects may arise from groundwater perculation in a slip section near a stream channel 

where the pumice clasts of the explosion breccia pod were sampled. However, in order to verify these 

trends, more chemical analyses from the clasts of the explosion breccia pod, and the FVP fabrics 

would need to be undertaken. For the explosion breccia of the road cut section, two pumice and one 

fractured obsidian clast were analysed, and show small chemical variations that are internally 

consistent, and less dependent on porosity variations. Thus, trace element variations occur in 

response to isobaric crystallisation and are overprinted by metasomatic effects that are greatest in 

zones of high porosity. 

4.6.3. Regional variations. 

Major and trace element chemistry of four other rhyolites in the Ben Lomond region was obtained. 

Together with pre-existing published and unpublished chemistry for the North Taupo region, X / X and 

XI SiO2 plots (Fig. 4.7), provide an insight into the nature and compositional changes of the magma 

chamber with time. However, the temporal control is poor in that absolute dates exist only for the Ben 

Lomond rhyolite, K-Trig basalt, and the young Acacia Bay rhyolite. The relative ages of other rhyolites 

is unknown given that lateral and basal contacts between different domes within a massif are poorly 

exposed, obscured, or eroded. 

I ntervent variation within the Whangamata vent lineation zone suggests a subtle progression in 

chemistry with time between the Holyoake Stn. rhyolite, Ben Lomond rhyolite and Marotiri dome. The 

differing phenocryst proportions and assemblages suggests the tapping of differing levels within a 

stratified magma chamber or tapping of discrete batches of magma from separate sources of smaller 

volume. lntravent variation (i.e. within Ben Lomond) is minimal and not equivalent to the Inyo case 

where magma mixing is evident. 

The source of the aphyric Ben Lomond magma was tapped at near-liquidus temperatures. In contrast 

to the magma that formed the deposit at site 50, with 7.5% phenocrysts, the Ben Lomond magma is 

inferred to have had a shorter residence time in the magma chamber. The presence of K-Trig basalt 

within a rhyolitic sequence points to an immiscible uprise of hot fluid basalt from depth into a relatively 

cooler rhyolite chamber and final ascent along fault-controlled fractures. The scoria cone at s22 

contains abundant rhyolite xenoliths that became incorporated from conduit wall crustal assimilation 

during ascent of the basaltic magma. 
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4.7. Viscosity of Magma: a Review. 

Knowledge of the viscosity of magmas is necessary for the evaluation of hazards associated with 

volcanic eruptions, the understanding of the evolution of magma bodies, and the behaviour of lava 

flows. The fundamental properties of the liquid (or melt) can be either measured directly for active 

basalt flows in the laboratory, or using indirect means. The rarity of closely studied rhyolite flows 

severely hampers knowledge of the rheological properties. Currently in New Zealand, there is no 

appropriate laboratory apparatus to measure the viscosity of rhyolite glass over temperature ranges 

of 1000 - 600°C and a log10 viscosity range of 7 - 14 poise (1 o poise = 1 Pa.s). Thus lava flow viscosity 

can only be determined by indirect means. 

The presence of steep flow fronts on lava flows suggest that lavas behave as non-Newtonian fluids, 

that is, they possess a yield strength (Hulme, 1974). Yield strength is a quantity of stress that must be 

exceeded prior to lava deformation (Shaw et al. 1968). Lava flows may behave as Bingham plastics 

or exhibit non-linear behavior as a power law fluid, termed pseudoplastic, defined in Fig. 4.8. Fluid 

basalt flows usually display several types of rheological activity but the high viscosity of rhyolite flows 

may be expected to show a more limited range of rheological behaviour (Chester et al. 1985). 

Lava viscosity may be calculated using two independent approaches: one dependant on the morphol­

ogy of the feature, the other on its chemical composition. Viscosity based on the morphology of 

arrested flows can be calculated in the following way after Johnson {1970), Hulme {1974), Wilson and 

Head {1983), and Zimbelman {1985) involving the estimation of Y (yield strength): 

Y =pg h sin0 (Johnson, 1970) (4.1) 
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Y =pg h2 / R (Orowan, 1949; Moore et al. 1978) (4.2) 

Y = p g sin20 (w1 + W2) (Hulme, 1974) (4.3) 

where p = density, h = flow thickness, 0 = basal slope 

R = radius and w1 and W2 = width of levees 

Methods (4.1) and (4.2) are equally applicable for rhyolite lavas but (4.3), which includes flow levee 

widths is more applicable to basalt flows. Effusion rate is calculated as follows: 

F=300KWL/h (Hulme and Fielder, 1977) (4.4) 

where K represents thermal diffusivity ( ~ 5 x 10·7 m·2 s·1 ). 

W = flow width and L = flow length 

Y and F are substituted into the following expressions for viscosity: 

1J = w3 Y sin20 / 24 F 

for basalt flows with confining leves,and 

1J = w 1114 y5/4 sin6/4e 124 F g 1/4 P 114 

for low aspect ratio rhyolite flows. 

(4.5) 

(4.6) 

This method cannot be used for eroded flows owing to the compounding of error up to 25%, from the 

difficulty in obtaining accurate cross-sectional dimensions. It does not take into account rheological 

variations within the flow stratigraphy. Also, the overriding of the flow front and basal breccia is not 

considered (Moore et al, 1978). Even recent sophisticated models of lava flow behaviour (Dragoni et 

al. 1986; Dragoni, 1989) rely on a detailed knowledge of the lava flow shape and-or its change in shape 

with time - values which are best known for recent or observed basaltic flows. In contrast, rhyolite 

flows have never been scientifically observed (Manley, 1989). 

The second approach incorporates the molal proportions of the major element oxides, temperature 

and water content in the following expression from Shaw (1972) and based in form on the method of 

Bottinga and Weill (1972): 

In 1JO = s(104 / T) - cr.s + C7J 

in which s = Xi (si0 . Xsio2) / 1 - XSi02 

and 1JO = viscosity of the liquid, T = temperature, 

(4.7) 

(4.8) 

cr and C7J are constants, and Xi = mole fraction of oxide I 
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Slope intercept sio values derive from Arrhenius slopes from the mixing of binary silicate liquids (Shaw 
1972). 

One of the problems inherent in Shaw's method (as representing the viscosity of a superliquidus 

Newtonian fluid) is the memory effects of glass with a pre-existing annealing history (a difficulty for 

laboratory based direct viscometer measurements). Hence, Shaw expects that his simple correlations 

would not be valid because they assume a unique T /viscosity function depending only on composition. 

A limitation pointed out by Murase and McBirney (1973, p. 3570 ) is stated: 

"Shaw (1972) and Bottinga and Weill (1972) attempt to relate viscosity of molten silicates to simple 

chemical relations by empirical linear projection of experimental data. The only way a viscosity 

calculated from such relations can be tested is by comparing them against measured values which 

are of course the original basis of the calculations. Therefore it is not surprising that their results are 

consistent" 

Such an objection, however, may be made to all science when an empirical relationship is used as a 

prediction. Viscosity when measured directly (Shaw, 1969; Pinkerton and Sparks, 1978), may be 

compared with Shaw's basis for calculation only for basalts, as no active rhyolite lavas have been 

observed. Direct field based measurements for active basalt lavas are difficult and the lava is usually 

behaving in a non-linear manner characterisic of subliquidus fluids. Notwithstanding these difficulties, 

Shaw's method has been the most widely applied method to date. 

Below the liquid us, the presence of bubbles and crystals will considerably increase the viscosity of the 

magma. The effective viscosity (17s) for crystal-rich magmas is commonly estimated from the Einstein 

Roscoe equation written as either: 

17s = (1 + 2.5 ¢) 170 

( )-2 5 17r = 17s I 170 = 1 - ¢ • 

where 170 = viscosity of liquid (from Shaw's method) 

17s = viscosity of suspension 

(4.9) or 

(4.10) 

q, = volume fraction of crystals (or suspended spheres as bubbles) 

17r = relative viscosity 

When taking into account the immobilised fluid between the spheres: 

( )-2 5 17r = 1 - 1.35 q, • (4.11) 

As these equations were formulated for emulsions with suspended bubbles within, they may be equally 

applicable to void-rich foams as demonstrated by Sibree (1933): 

1/3) 11 r = 1 / (1 - (1.2¢) 
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On measuring the viscosity of a froth Sibree (1933) found it to be a function of the volume percentage 

of bubbles, increasing by up to 2 orders of magnitude to a porosity attaining 70%. Observations made 

during the heating of a water-rich obsidian in the laboratory indicate that the viscosity of a lava 

decreases during frothing, but that after the liberation of gases, the foam becomes stiff and resists 

further deformation. On reheating the intervoid septa collapse and flow resumes. Hence the rheologi­

cal difference between a flow pumice and a bubble free obsidian arises primarily from the presence 

of vesicles in the pumice (Fink, 1984). With increasing porosity the bulk density of the pumice 

decreases while its viscosity increases (Williams and McBirney, 1979). 

For crystal-rich suspensions, Murase et al. (1984) found that large differences existed between 

measured laboratory based values for the effective viscosities of Mt. St. Helens dacite, and values from 

equation (4.9) above. The discrepancies were attributable to the sizes and high concentrations of 

crystals, both of which exceed the range of values for which equation (9) was derived. If the viscosity 

of the liquid fraction, can be estimated from the composition of the glass via Shaw's method, then the 

effective viscosities (1)eff) of such magmas can be calculated according to the expression: 

log 1/eff = log 770 + 0.019 Dm I [(1 /¢) 113 - 1) (4.13) 

where 770 = viscosity of the original liquid (Shaw, 1972) 

Dm = diameter of crystals (um) 

¢ = the proportion of crystals 

Sherman (1968) examined the effects of a wide range of crystal concentrations of different sizes and 

found that the relative viscosity increases with mean diameter of crystals (Dm) and concentration of 

crystals (¢) according to the relation: 

In TJO = In (1/eff / 770) = [a Dm /(¢max/¢) 113 - 1] - 0.15 (4.14) 

where 770 = viscosity of a crystal free fluid, 

a = constant that varies with mean diameter of crystal Dm (,um), 

¢max = the concentration of solids at maximum packing 

</> = the concentration of suspended crystals. 

This equation assumes that the solid fraction has no physical or chemical relation to the liquid in which 

it is suspended. Mc Birney and Mu rase(1984) state that¢ or Dm do not necessarily increase on cooling 

as large numbers of small crystals growing from the groundmass more than offset the slight increase 

in phenocryst size. For phenocryst-poor rhyolites, crystallites appear first. Dm may be arrested 

because of the impeded diffusion by ions in fluids of high viscosities, or a lack of nucleation sites 

may preclude crystal growth. 
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For a crystal-rich pumice the viscosity may be calculated by the following procedure. For superliquidus 

Newtonian viscosity characteristic of water rich magma chambers, equation 4. 7 may be applied. The 

effective viscosity of subliquidus crystal-bearing suspensions is calculated using equation 4.13 (or 

4.14). After adjusting the water content to that of a lava flow pumice (e.g. 0.2%), hence altering the 

result of equation 4. 7 and 4. 13, the proportion of voids Is accounted for with equation 4.12. 

Equation 4.13 or 4.14 may also be used for voids as its form originated from laboratory experiments 

on the rheology of emulsions. However, at high rates of shear, bubbles become distorted (Spera et 

al. 1988). The rheological behaviour of deflating, stretching and elongating bubbles in the FVP layer, 

can only poorly be modeled using q, (equation 4.12) or q, and mean diameter (Om) (equation 4.14). 

The three dimensional shape of the bubble is not taken into account. 

The relative effects of suspended bubbles and crystals to the viscosity of the suspension are considered 

similar (Shaw, 1965). 

Other estimates of viscosity such as surface fold analysis (Fink and Fletcher, 1978; Fink, 1980) and 

gravity instability between two layers of contrasting rheology from the spacing of coarsely vesicular 

pumice diapirs (Fink, 1980; Baum et al. 1989) are of applicability only if sufficient carapace exposure 

is available. This is not the case for either Ben Lomond or the Mayor Island lavas. For the former 

method.a discrepancy between laboratory measured values (by using a viscometer within an enclosed 

furnace) and fold analysis viscosity of ~ 2 orders of magnitude occurs. The latter method includes 

the presence of carapace heterogeneity in the form of rafted FVP and obsidian blocks. Surface fold 

analysis was attempted for the Waiti flow, Okataina Volcanic Centre. However, carapace exposure 

was inadequate for either fold analysis or gravity instability analysis for Ben Lomond or the Mayor 

Island flows. 

Structures on lava flow carapaces constitute a type of natural laboratory where qualitative estimates 

of rheological deformation is observed from a variety of small scale structural observations, namely: 

flow banding deformation; changes in the aspect ratio of primary voids; interlayered obsidian and 

pumice folds; and regularly spaced intra-layer tension cracks. Simple folded flow layers of constant 

thickness and a wavelength to thickness ratio of less than 10, exhibit pseudoplastic power law rheology. 

The periodic spacing of tensile necking cracks within crystallite-rich obsidian layers is also evidence 

of pseudoplastic rheology (Fink, 1984). Tensile necking cracks occur if local layer-parallel strain rates 

exceed local tensile strengths. Also, provided that sufficient areal exposure of an uneroded carapace 

occurs, then the depth of tension cracks as a function of distance from the vent can be used to estimate 

the cooling rate of the flow surface and to infer thermal conductivity (Fink, 1984). 

4.8. The Viscosity of Ben Lomond flow. 

Calculation of the viscosity of the Ben Lomond rhyolite lavas may be undertaken using the chemistry 

of the aphyric black obsidian of the OBS layer as being most representative of the pre-emplacement 

composition of the liquid, employing the method of Shaw (1972) and varying the water content (and 

hence making adjustments to the weight percentages of the major element oxides), and temperature 
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for three different environments: magma chamber, conduit, and flow. For the latter case, a viscosity 

profile can be constructed for early and late flow situations, constrained by sufficient physical data 
previously outlined in chapter 3. 

Firstly, for the magma chamber, the hydrous rhyolitic fluid is assumed to have a Newtonian rheology 

at water contents of 3% or more at temperatures of 1063 K (790°C). Calculated super1iquidus viscosity 

is 2.4 x 107 poise. The less than 0.5% crystals and the occa..sional rare phenocryst does not significantly 

influence the effective viscosity for the virtually aphyric magma because for the small biotite and 

plagioclase laths. Dm is beyond the lower limit for the modified Einstein-Roscoe equation (eq. 4.14). 

Secondly, for the conduit, under isothermal conditions, and an estimated water content of 1.5% the 

viscosity of the liquid component is 1.2 x 109 poise. During inflation of the ascending magma into a 

foam of approximately 60 - 70% porosity (Eichelberger et al. 1986) above a conduit depth of 

approximately 600 m (Eichelberger, 1988), the relative viscosity of the Ben Lomond magma is inferred 

to increase 2 orders of magnitude to ~ 1 o 11 poise. 

Thirdly, for the collapsed, non-vesicular flow centre, originally entirely obsidian prior to the post-flow 

isobaric crystallisation, at a temperature of approximately 790°C, and a water content of 0.2%, the 

viscosity of the flow centre is 1.3 x 10 11 Poise. The voids comprising the em placing foam collapsed 

in the upper conduit with effervescence in the FVP during eruption and flow. Primary vesiculation was 

supressed at depths of greater than 1 O m. 

4.8.1. Generating a thermal profile throughout the Ben Lomond flow 

Manley (1989) generated a numerical model for flow temperature and calibrated it for Obsidian Dome, 

Long Valley Caldera, northern California. The model was then applied to investigate the emplacement 

of hot large-volume rhyolite lava flows in southwestern Idaho. Boundary conditions for the model 

(generated from a finite difference approximation to the heat conduction equation), are set for a 

constant flow surface temperature of o°C at time t = 0, while the basement temperature is set at half 

the emplacement temperature of the lava at time t = 0. Geometrical constraints are assumed as 

follows: 

(a) the glass zones at the top and bottom of the flow cooled below T 9 (glass transition temperature) 

before sufficient time had passed for crystallisation to begin; 

(b) the crystalline RHY layer should be the last portion of the flow to cool through T 9; 

(c) isochrons should be symmetrical around the centre of the RHY zone. 

Fracturing of the upper carapace and convective movement of air preferentially cools the upper part 

of the flow. The textural profile nomenclature of the cooling curves of Manley (1989) was matched 

with the columns in Fig. 1 of Manley and Fink (1987). Unlike Obsidian dome, Bruneau - Jarbidge flow 

or the Banco Bonito flow, the total flow thickness of the southwestern lobe of Ben Lomond is unknown. 

However, the thickness can be estimated by: 
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h RHY 

h U.OBS 

h RHY 

h U.OBS 

(Ben Lomond) (Banco Bonito) 

(4.15) 

The total thickness (h) of the RHY layer (of which the upper 16m is exposed at s1, Ben Lomond) is 43 

m. Thus the total thickness of the Ben Lomond southwest flow (hBL) may be expressed as: 

hBL = hBB x hoBL/hoBB (4.16) 

where hBB = total flow thickness (Banco Bonito), 

hoBL = thickness of upper obsidian (Ben Lomond) 

hoBB = thickness of upper obsidian (Banco Bonito) 

Hence hBL is ~ 105 m assuming that up to 10 m of the FVP comprising the carapace is removed by 

erosion. 

Table 4.4. Parameters involved in estimating cooling time (t) for the Ben Lomond flow. 

Obsidian Dome Ben Lomond Bruneau Jarbidge 

To 850 ~ 790 (est) ~ 930 
6T 180 120 260 
h 55 105 (est) 150 
t 6 ? 50 
To I h 15 7.5 6 
6T It 20 ? 5.2 

To = initial flow temperature; t:,. T = To - T g where T g is the glass transition temperature 
h = total flow thickness; (est) = estimated. Data for Obsidian dome and Bruneau-Jarbidge from 
Manley (1989). 

Both the Banco Bonito and Ben Lomond flows have similar ages (140 ka and 11 o ka respectively) and 

hence show thicker crystalline RHY zones than Obsidian dome (0.6 ka age). Data listed in Table 4.4 

was used to estimate the time (t) taken for the central RHY layer of the Ben Lomond flow to cool below 

the estimated glass transition temperature (~670°C). When To/hand 6T/t were plotted for Bruneau­

Jarbidge and Obsidian dome data of Manley (1989), an expression: 

To/h = 0.608 t:,.T/t + 2.84 (4.17) 

was derived that may be used to calculate t. 

For Ben Lomond, if To/h = 7.5, then AT/t = 7.66, and as t:,.T is estimated as 120°C, the time taken for 

the flow centre to cool below the glass transition temperature (t), becomes ~ 16 years. Fig. 4.9 

illustrates the inferred temperature profile at t = 0·1, t= 1 yrs and t = 16 years. 
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4.8.2. Generating a viscosity profile for Ben Lomond flow. 

Within the c. 10 m thickness of the carapace comprising FVP and broken OBS clasts, a large 

temperature gradient between 790°C and ambient atmospheric temperature ( ~ 20°C) is inferred. The 

inferred viscosity of the finely vesicular pumice at a temperature of 730°C and a water content (H2o + 

or LOI 400-1000) of 0.65% using equation 4. 7 (after Shaw, 1972) and taking into account a porosity of 

35% with average void diameters of 74 µm (via equation 4.12 or 4.14), the effective viscosity becomes 

1.03 x 1 O 12 poise. The viscosity of a carapace obsidian clast such as those at s7, at a subsolidus sub 

glass-transition temperature of 873 K after brittle fracture with a water content of 0.2% is 2.1 x 1014 

poise. With this information a viscosity profile may be constructed for the early flow history of the Ben 

Lomond flow (Fig. 4.10a). During the middle and late flow stages, secondary isobaric crystallisation 

commenced in the central part of the flow. Pockets of volatile-rich areas developed above the TZ layer 

with water contents c.4 times greater than the 0.2% H2O + typical of the remainder of the central flow. 

When incorporating an adjusted void diameter of 35 µm (assuming the voids on inflation were originally 

spheres) and a porosity of 50%, the effective viscosity of s3 pod explosion breccia is estimated as 2.9 

x 1 o 11 poise. In a cooling lava at 35 m depth the overlying pressure is 8 bar and with a water content 

4 times greater than the overlying OBS layer and a porosity 10 times that of the OBS, gravity instability 

of a more viscous froth would occur. The relative viscosity of the explosion breccia pumice and the 

OBS layer is calculated using equation 4.12. 

The viscosity of the explosion breccia increases from 1.6 to 2. 7 times the viscosity of the denser OBS 

unit at a pressure drop of a to 1 bar from an increase in the specific volume of water by about six times 

(Friedman et al. 1963; Kennedy and Holser, 1966 in Fink, 1983). On the explosive release of volatiles 

via tension cracks, the primary voids would deflate and the breccia pumice fragment, forming an 
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inverted cone shaped deposit like at s7. With this information a viscosity profile characteristic of the 

late flow history of the Ben Lomond flow may be compiled (Fig. 4.1 Ob). 

The morphological method (equations 4.1 - 4.6) may be used with much less confidence for the 

southwest flow of the Ben Lomond dome as: 

a. the carapace (or FVP) is virtually stripped, with approximately 10 - 15m estimated missing; 

b. flow fronts are not obvious; 

c. as no carapace flow ridges are areally preserved, the width of the active channel is in doubt; 

d. flow slope can only be measured as the average slope of the O8S/FVP contact which is coincident 

with the topographic surface; 

e. the dome is draped by 20 ka ignimbrite. 

Thus a large measurement uncertainty exists for w (flow width), L (flow length), and h (flow thickness) 

of at least ± 20 m, when measured from air photographs and topographic maps. Y may be calculated 

best from equation 4.1 as levees (in 4.3) are not preserved. Two values of Y may be estimated by 

substituting two different estimates of density (o). 

Fink and Zimbelman (1986) calculated viscosity from different cross-sections down the 1983 Royal 

Gardens basalt flow, generating a range of estimates for Y, F and 1/· Such an approach to calculating 

F was attempted for Ben Lomond, with four measurements of w corresponding to four estimates of F 

from 3.94 - 8.14 m3/s. When Fis substituted into eq. 4.6, the range of 1/ estimates (Table 4.5) is not 

significantly different from each other and are within a measurement error of ± 25%. The morphology 

Table 4.5. Viscosity of the Ben Lomond flow based on the morphological method. 

Y1 (p 1) Y2 (p 1) 

log TJ 1 w 1 F 1 11 .26 11 .06 

log TJ 2 w 2 F2 11 .21 11 .01 

log TJ 3 w 3 F3 10.71 10.51 

log TJ 4 w 4 F4 10.10 10.90 

Notes: Four different flow widths from near-vent to distal flow lobe (wl - w4) are ~550 m, ;450 m, 750 m 
and 1250 m respectively. The two different densities pl andp2 represent a colla£s~g_puID1ceou~ foam 
( density = 1.5 g / cm3) and a dense obsidian respectively ( d7nsity =. 2.35 g /cm_), givmg _two est~ates 
of yield strength (Y) via equation (4.1). The greatest factor mfluencmg F (effusion rate) ts flow width w 
and hence flow cross-sectional area. 
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method may be applied with greater reliability for the young flows of the Okataina Volcanic Centre 

where both Shaw's method and the morphological method are compared. 

4.9. Summary 

Evidence from two microlite populations point to a rising water-saturated liquidus and an increase in 

undercooling of an ascending hydrous magma that emplaced as the Ben Lomond dome. The 

degassing model of Eichelberger et al. (1986) and Westrich et al. (1988) was critically assessed. 

Evidence from void aspect ratios in the finely vesicular pumice of the Ben Lomond flow point to deflation 

of the magma in the upper conduit and its re-effervescence during flow causing a range of void 

populations. Major element chemistry is fairly uniform throughout the obsidian layer and subtle 

interfabric variations together with trace element depletions/enrichments, varying H2O + and Cl 

concentrations are consistent with the development of post-flow secondary fabrics in the rhyolite layer, 

transition zone and explosion breccia units. The viscosity of the Ben Lomond flow was calculated 

using major element oxides, a range of water contents and temperature estimates based on a 

numerical model of Manley (1989). The time for the central rhyolite layer to cool below the glass 

transition temperature when brittle rheological behaviour commences was estimated as ~ 16 years. 

Viscosity profiles during early and late-flow phases were generated, taking into account the primary 

vesicularity of the finely vesicular pumice and the anomalous vesicularity of the late-flow explosion 

breccias. 
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CHAPTER 5. 

MAYOR ISLAND PANTELLERITE LAVAS - PHYSICAL 
VOLCANOLOGY AND EMPLACEMENT HISTORY. 

5.1. Introduction. 

Mayor Island is a Quaternary pantelleritic volcano rising 700 m from the sea floor from a 15 km wide 

base, 26 km north of Tauranga, Bay of Plenty, northeastern New Zealand. The island is 4 - 4.5 km 

wide, characterised by a 3 km wide breached caldera, with caldera walls up to 105 m height (Fig. 5.1). 

The island lies in a back arc setting of a convergent plate margin, 100 km behind the Taupo Volcanic 

Zone (TVZ) in a continuation of the Ngatoro Basin (Cole, 1978). 

Te Ananui tuff rings 

Cathedral Bay 

Tumutu Point 

Te Araaka tuff rings 

< 2 ka ~ Post-caldera lavas 

6_3 ka E:J Caldera c pyroclastics (Tuhua Tephra) 

8 ka flow [ ~;<~ Caldera B lavas 

m!fflffl Caldera A lavas 

< 37 ka ~ Pre caldera shield lavas 

EB Tuff/ cone ring 

--'- Multiple vents 

* Pumice cone 

✓ ✓ Inferred contact 

/ 
;,' Fault 

Orongatea Bay 

1000m 

1 Halls Pass 
2 Overhang 
3 Pighunters Pass 
4 Parekoura Point 
5 Central Taratimi 
6 Devils Staircase 
7 Tokomata Point 
8 Te More-o-moiterangi 
9 Okawa Point 
10 Oira Bay 
11 flow2d 

Fig 5 1 Mayor Island geology showing field study locations. Exposures are alo~g the 1ast ani! aro~d 
the.caidera wall, and hence inl~d contacts are inferred as the slopes are draped with c.6.3 a tep as. e 
T Araaka and Te Ananui deposits have not been placed within the post Caldera A chronology. Map and 
C:1umn assembled from Houghton and Wilson (1986). 
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5.2. Physical Volcanology and Eruptive History; Previous Work. 

Brothers {1957) presented a morphological account of the volcano based on exposed landforms and 

a chronology of eruptive history including, from air photo interpretation, that of the intracaldera lavas. 

Buck {1978) and Buck et al. {1981), described the pyroclastic successions and provided new 

radiocarbon dates for the Tuhua tephra and the 8 ka tuft. Recently, Houghton et al. {1985a; b), Houghton 

and Wilson, {1986), and Houghton et al. {1987), have re-evaluated the eruptive history of the island, 

and have identified, largely from pyroclastic sequences, "basaltic" eruption styles and inferred from 

field evidence, fluid rheological behaviour from gas-poor pantelleritic magmas. 

5.3. Objectives. 

Until this study, no detailed profiling of the physical properties of lava sequences on Mayor Island, in 

contrast to those of the pyroclastic sequences, had been undertaken. Three flows were profiled: Panui; 

Pre-8 ka (central Taratimi Bay); and 8 ka flow. The following properties were measured; density, 

porosity, apparent clast aspect ratio (Re), void aspect ratio (Av), microlite length, and flow directional 

information. Together with structural information, a flow emplacement model is assembled. 

5.4. Volcanic History. 

The volcanic history of Mayor Island is separated into three distinct phases: 

a. pre-caldera volcanism; 

b. caldera collapse ; 

c. post-caldera volcanism (Fig. 5.1 ). 

The oldest lava at north Oira Bay overlies the TVZ-originating Rotoehu Ash. Grey finely vesicular 

pumice breccia (FVP) occurs above inter1ayered selvedges of black obsidian of 1 - 2 m thickness and 

glassy pink FVP breccia. The obsidian layers contain voids of low aspect ratio (Av = 2.07 ± 0.86) and 

dip northwest. • Columnar foliated rhyolite (RHY) outcrops below the obsidian zone and is locally 

brecciated with lenticular clasts (Re = 5.01 ± 1.62), with an average aspect ratio exceeding the Re 

value for pink breccia (2.06 ± 0.59). 

Prior to caldera development, both lava shields were dissected with considerable metres relief 

(Houghton and Wilson, 1986). Flows such as that at Okawa point, showed considerable mobility and 

flowed down steep eroded slopes (slope angle = 26°). Below the Tumoe Pa site where rubbly pumice 

and obsidian occur, the flow is made up largely of steeply dipping flow banded rhyolite (028/53° NW). 

The flow banding is dipping toward the inferred vent, now obliterated by caldera development. The 

basal parts of the devitrified RHY layer have subhorizontal to low angle (22°) foliation formed by basal 

shear during flow (cf. Fink and Manley, 1986). The RHY layer is columnar jointed with five sided blocks 

of wide joint spacing (Jsp = 3. 73 ± 0. 77 m, n = 6) and bow outwards near the base, passing 

downwards into a 13 m thick wedge of basal breccia. Fig. 5.2 highlights the uniformity of Re values 

of a 5 m section through the breccia and low strain analysis (Rs) value of 2.5 for a two-dimensional 

column face. The apparent long axis of most clasts lies within 20° of the mean alignment axis, 

subparallel to the breccia/RHY contact and local flow base. 

67 



P • 5 2 Re vs. rL scatte.:c plot whe.re. ,1, = final angle. be.twe.en long axes and .lg. . C I" I'-' 

principal strain dire.ction ¢, for initial shape. ratios (Ri = 1 - 4). The.ore.tic al 
curves of Re vs. ¢ are f:com. Dunne.t (1969) and Elliot (1970). The. visual best fit 
of the.se. cu:cve.s is use.d to obtain the. value. of the. strain ratio Rs= 2.S This 
section was from. a ve.rtical column face. striking 160° . The. long axes of - ~ autoclasts at Okawa Point are. aligne.d approxim.ate.ly ± 35 about the m.e.an of -6 . 
The negative. value indicates the apparent dip of long axes landward (E} toward 
the. infe.rred vent now obliterated within the. caldera. 

True. strain ratios re.quire. 3 mutually pe.:cpendicular faces. Measurements from. only 
one. face. limits any detaile.d inte.:cpre.tation. Re values are. apparent aspect 
ratios. Clasts appear to show similar shapes, Re values and alignments on a 
vertical face striking 079~ m.utually perpendicular to the. face where the values 
in Pig. 5. 2c we.re. m.e.asure.d. If apparent long axes of clasts vary between 079" -
160°, random. alignment of clast long axes along a surface parallel to the base. of 
the. flow is infe.rre.d. such a section was not available. for m.e.asurement. The above. 
results indicate. that de.fo:cm.ation of the. Okawa Pt. basal breccias is only 
com.pactional. 

Although this m.e.thod was used by Sparks and Wright (1979) to m.e.asure the strain 
ratio of fiamm.e. f:colll welded ai:cfall tuffs, the applicability of this m.e.thod to 
lava flows is lllore. doubtful. Elliot and Dunne.t used strain analysis me.thodology 
for se.dim.e.ntacy sequences (e.g. oolites). Other limitations as stated by Dunne.t 
(1969) include. ductility contrasts and the. presence. or absence. of initial 
pre.fe.rre.d orientation of fabrics. For lava flows, additional forces other than 
com.pactional are likely to influence. the shape. ratios and orientations of 
autoclasts. 
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The Pre-8 ka flow at central Taratimi Bay and Pighunters Pass, is interpreted as being an eroded 

remnant of a pre-caldera phase lava shield flow. The Panui flow is equivalent to an extra-caldera 

segment A lava, and the 8 ka flow post-dates caldera B preceding caldera C and the Tuhua tephra. 

Post-caldera volcanism has occurred from vents within the caldera. A succession of petrographically 

uniform flow lobes and domes were extruded probably less than 1000 years ago. The flow carapaces 

such as flow 2d, north edge of Lake Aroarotamahine, are characterised by flow ridges of ~ 6 m height 

and steep flow margins 18 - 27 m in height (Brothers, 1957). Blocky FVP and vesiculated obsidian 

(density = 0.42 - 1.52, porosity = 35 - 85%) contain primary voids of high aspect ratios (Rv = 15.55 

± 14.14, n = 20). 

5.5. Panui Flow. 

The Panui peninsula forming the southern tip of Mayor Island comprises eroded remnants of a 1 o m 

+ high tuft cone and associated lavas, joined to the remainder of the island 6340 years ago by a fan 

of unwelded ignimbrite (Houghton et al. 1987). 

The Opo Bay tuft cone only exposed near Te More-o-moiterangi headland has been described by 

Houghton et al. (1987) who examined the stratigraphy, granulometry, clast morphology and density 

of the deposit. 

Sections through the lava flow were profiled at Tokomata Point, and Te More-o-moiterangi headland. 

Lava is exposed around the coast for 900 m between south Omapu Bay and the Opo Bay tuft cone, 

suggesting that the lava, post-dating the tuft cone, may have either been originally ponded within the 
of flow J, •~d1"M 

tuft cone or could have overwhelmed its southern wall. The radial strike pattern~\rig. 5.3) results from 

steeply inclined obsidian ridges that formed by compressional deformation of the lava flow during 

cooling. Similar patterns from several of the Inyo-Mono domes were inferred by Suemnicht and Varga 

{1988) to originate from a circular vent opening. A circular vent opening is similarly postulated for the 

Panui dome and the feeder conduit is inferred to lie near to or beneath the summit of the Panui 

peninsula. 

The Tokomata Point section consists of basal Tuhua beds (6340 yrs B.P., Hogg and McGraw, 1983) 

overlying an orange sandy paleosol (0.6 - 1.1 m thickness) with loose carapace pumice blocks from 

the carapace of the underlying lava flow unit. Within the flow sequence, finely vesicular pumice blocks 

(FVP) of 55 mm average width occur as pockets up to 6 m thickness between steeply dipping ribs of 

obsidian (upper OBS) of variable thickness. The upper OBS unit lies above a rhyolite core at least 5 

m thick. Flow banding steepens from 23° to 74° up the section oblique to joints (Jsp = 0.9 ± 0.4 m) 

that form four-sided columns. 

The Te More-o-moiterangi profile occurs through a thinning wedge of lava that laps up over the apex 

of the Opo tuft cone, providing an inclined section through: upper OBS (1.5 m thickness): RHY 4 m, 

increasing southwards to 15 -20 m; basal OBS (2.1 mthickness) and basal breccia c~ 6- 8 m ). Thus 

a composite section from both localities provides a profile through the entire flow. 
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Fig. 5.4a,b illustrates the dry bulk density and porosity profile for the Panui flow, highlighting: 

a. 

b. 

C. 

d. 

e. 

f. 

uniform moderately vesicular FVP (porosity = 25 - 33%, density = 1.5 _ 1.8 g. cm-3), (Fig. 5.4c); 

a transition zone of 1 - 1 O cm thickness between non-brecciated intact FVP at the top of the upper 

OBS layer, grading into non-vesicular dense obsidian; 

uniform high density, low porosity OBS layers; 

a transition zone between OBS and devitrified AHY with both fabrics interfingering (Fig. 5.4d); 

the 10% porosity of the AHY core, being largely intergranular void space within the ground mass 

and larger secondary voids, partly cross-cutting the foliation; 

a range of clast densities within the basal breccia from 1. 7 (pumice) to 2.4 (obsidian), (bulk sample 

= 2.1). 

Clearly interfabric variation exceeds intrafabric variations. 

Primary porosity for the FVP is lower than the airfall and blast-derived pyroclastics (some bread crusted) 

from the Opo tuft ring (25 - 33% vs. 35 - 45%) suggesting a decrease in total volatiles between the 

emplacement of the Opo tuft ring and the Panui flow. Vesiculation in the lava was suppressed at more 

than 6 m from the top of the cooling flow carapace. 

Apparent void aspect ratio (Av) values in Fig. 5.4f are highest for the FVP layer, resulting from 

vesiculation of the outer skin of the lava prior to and during emplacement. Several populations of voids 

are present; those smallest voids of highest aspect ratio (Rv---22) having formed earliest (Bonnichsen 

and Kauffman, 1987), were deflated and elongated during gas escape and tensile stretching from 

carapace flow processes. Deformation of early-phase voids occurred on the margins of larger lower 
vn/~1 

aspect ratio (Av = 11 - 18).ithat formed later, inflating in a more viscous magma. The upper OBS layer 

has rare primary voids (Av= 2, Av= 7.3) suggesting that either: (a) primary vesiculation was inhibited 

at depth as the overlying pressure exceeded the vapour pressure of the voids; or (b) the lava was 

initially gas poor. The secondary voids of the AHY layer (at Tokomata Pt.) cut across and partly distort 

the flow banding being subdivided into two populations - tapered and rounded with void long axes 

paralleling foliation dip. However, the AHY layer Av values are uniform throughout the Tokomata Point 

section. Av values are low ( < 3) for the basal OBS layer, and for pumice clasts of the basal breccia 

(Av = 8, refer Fig. 5.4e and contrast with Fig. 5.4c). 

Clast aspect ratios are uniform throughout the upper FVP and basal breccia, with the exception of a 

zone of lenticular clasts compressed against a large dislodged portion of obsidian at the exposed base 

of the Te More-o-moiterangi section. Uniform clast aspect ratios suggest late flow phase brittle fracture 

followed by avalanching down flow ridges, and the advancing flow front prior to incorporation within 

the basal breccia wedge. 

Loss on ignition values (LOI) for the upper OBS; OBS/A HY contact and basal OBS; best representative 

of the original magma, are uniformly low - 0.23 - 0.24% ( cf. H2O + = 0.18%, Ewart et al. 1968). Values 

for the FVP and a sample best representative of the basal breccia are inferred to have a high H2. o-
( low temperature { 400°C) component owing to a high surface area-volume ratio and short diffusion 

pathway lengths (Eichelberger and Westrich, 1981; Westrich, 1987). LOI values from fresh obsidian 
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a. Dry bulk density 

b. Porosity 

c. FVP SEM micrograph (200x magnification). 

Note oval end-sections of high aspect-ratio voids. 

d. Upper OBS/ RHY layer transition 

e. pumice clast from basal breccia (SEM micrograph, lOOx magnification). 
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and pumice clasts in the Opo tuff cone vary between - 0.6 and + 0.46% r,t,/eaver oral comm. 1989}. 

Negative values indicate that more oxygen is gained on oxidation of Fe2 + to Fe3 + than the loss of 

volatiles (H2O +, H2Ol during heating to 1 ooo°C. Alternatively, the low water content was within the 

analytical error of determination so that negative values represent magmatic water contents close to 

zero. Thus, true H20 + is interpreted as being low 0ess than 0.18%) for both tuff cone and lava. 
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However physical evidence from the tuft cone (in Houghton et al. 1985) suggest an additional 

non-magmatic volatile source was responsible for shallow steam explosions that fragmented the 

emplacing tuft cone magma. 
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Average microlite length (Fig. 5.5) varies from 7 µm (FVP) to 14 µm (upper OBS), with groundmass 

devitrification largely obscuring any microlites in the RHY core. The rod shaped morphology suggests 

an undercooling of 100 - 150°C. Tabular microlites formed at depth under lower undercooling 

conditions. The microlites delineate flow banding within the OBS and flow around phenocrysts 

indicating that their formation occurred during the conduit ascent of the magma. However, their 

crystallisation history appears in part to be dependent on the post-eruptive cooling history of the lava. 

The FVP microlites (6.99 ± 2.15 µm) are significantly smaller than the OBS microlites (12.48 ± 3.38 

µm) suggesting that their growth via ionic diffusion was inhibited by both the low water content and 

the increasing vitcosity of the cooling carapace of the flow. The flow interior remained thermally 

insulated, and hence less viscous, for the longest period of time and thus conduit-formed microlites 

were able to grow longer. Thus the microlite length may be used as an indicator for the flow 

temperature profile (refer to Carslaw and Jaegar, 1959; and Fink et al. 1983), as a lack of magnetic 

minerals preclude using paleomagnetism to provide estimates of flow temperatures as described in 

Audunsson and Levi, (1988). 

Phenocryst width (Om) and proportion (¢) vary little throughout the Panui flow (Fig. 5.6). Sanidine 

and anorthoclase are the largest phenocrysts and the most abundant (Om = 0.350 mm,¢ = .5.0%), 

with anorthoclase occasionally occurring as intergrowths with anhedral quartz up to 2.5 mm size. 

Lesser amount of aenigmatite (¢ = 0.8%, Om = 0.130 mm) and aegerine (¢ = 0.3%, Om = 0.124 

mm) form a minor part of the total phenocryst proportion of 6 - 7% and average diameter of 0.4 mm. 

These values may be substituted into the Einstein-Roscoe equation to calculate the effective viscosity 

of the Panui lava, outlined in chapter 6. 

5.6. The Pre-8 ka Flow. 

The Pre-8 ka flow (named in Houghton and Wilson, 1986), outcropping on the eastern caldera wall, 

extends from central Taratimi Bay, to Pighunters Pass and represents an eroded slice through a 

pre-caldera shield lava flow. Profiles at the following locations provide the basis for a composite 

column: (a) Central Taratimi Bay (Fig. 5.7a)exposing the upper stratigraphy of the flow c~ 1 m FVP 

breccia, ~3 m OBS, 5 m RHY); (b) Pighunters Pass (Fig 5.7b) exposing basal flow stratigraphy (5 m 

RHY, 0.5 m basal OBS, 2.2 m basal breccia). A secondary site at the Devils Staircase is an oblique 

section across the top of a fossil sea cliff (Houghton and Wilson, 1986). 

5.6. 1. Taratimi Bay section. 

The Taratimi section is a cross-section bisecting the northern edge of the Pre-8 ka flow, cutting across 

longitudinal flow ridges, and inter-ridge embayments comprising pink pumiceous FVP breccia. The 

RHY layer is columnar jointed with basal foliation shallowly dipping (e.g. 057/21°SE) steepening to 

54° declination near the RHY/OBS spine zone. Flow folds are characteristically isoclinal and asym­

metric, common in the upper OBS and RHY layers but rare in the planar foliated basal portion of the 

RHY layer. Voids are generally rare, except for those confined to narrow finely vesiculated layers on 

platform sections. Together with folial grooves and flow band dip surfaces, orientations of the long 

axes of voids may be used as local flow directional indicators. For example, flow marks on ridge 
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Fig. 5.7. Pre-8 ka flow top and basal sections: a. Central Taratimi Bay; b. Pighunters Pass (lower level). 
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surfaces are parallel with flow band or unit contact strike, (140/65°SW) suggesting local lateral flow 

edge movement eastward from a vent now obliterated by calderas A - C. 

5.6.2. Pighunters Pass. 

The Pighunters Pass section lies below a northward thinning lobe of the a ka flow and above an ancient 

tuft ring deposit consisting of coarse-fine grained successions similar to those below Paretu Ash at 

the Overhang. 

The clast-supported basal breccia of variable thickness consists of angular grey lineated obsidian 

blocks that are highly flow folded and are less than 0.3 m size, pink pumiceous FVP, and grey-green 

foliated rhyolite. All blocks in the basal breccia have a random long axis orientation. Obsidian blocks 

tend to be more angular than pumice clasts. Reddish-brown vesiculated basalt occurs as xenoliths 

within breccia pumice, obsidian, and at the base of the RHY layer. Distortion of flow banding occurs 

around xenolith margins caused by its rotation induced by flow shear stresses. In thin section, the 

basalt consists of vesicles of low aspect ratio (Av = 1.5), surrounded by Fe oxide-rich dendritic or 

feathery ground mass textures from quenching. Well developed sieve textures are characteristic of the 

plagioclase phenocrysts. Surfaces of obsidian blocks within the basal breccia show polygonal cooling 

cracks and some rhyolite blocks show late-phase brittle deformation. These may be possible 

dislocation planes parallel to fold axial planes (Fig. 5.8) and small fractures parallel to flow band 

surfaces. The base of the RHY layer appears to consist of formerly disrupted and re-fused rhyolite 

clasts in locations where the basal OBS selvedge is not continuous. The basal RHY layer is therefore 

a source for the rhyolite clasts of the basal breccia. 

wilh+olcls o.lso 
The basal OBS selvedge is O - 0.5 m thick sometimes with largely subhorizontal fold axes,Aappearing 

as tubular cross-sections, where the axial plane is sub-parallel to the inferred flow direction. At the 

margins of the OBS layer, yellow glass occurs adjacent to joint block surfaces originating from 

microvesiculation and elongation-deflation of the long axes of voids, as well as incipient groundmass 

devitrification. Where the basal OBS layer is missing, alternating pink vesiculated and dark green 

glassy layers occur sometimes with dislocation planes offset by about 1 cm. 

The upper contact between Pre-8 ka and 8 ka flows is poorly exposed. However track-side obsidian 
oec;ur 

outcrops usuallyAwith steeply dipping foliation planes unlike the basal OBS, and represent small 

exposures of the upper OBS layer. 

5.6.3. Devils Staircase. 

The Devils Staircase section is an oblique traverse through the upper-central part of the Pre-8 ka flow 

at the flaw's maximum point of thickness of approximately 50 m. The five fabric zones, described in 

Fig. 5.9, represent an eroded section through upper OBS, RHY and FVP zones. 

5.6.4. Flow emplacement history and composite profile interpretation. 

Fig. 5.10 a,b illustrates the density and porosity profiles of a composite section comprising the central 

Taratimi and Pighunters Pass localities of the Pre-8 ka flow. Vesiculation is primary for the FVP and 

basal breccia zone. However, the upper and lower OBS layers are interpreted as being undercooled 
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Fig. 5.8. Pre-8 ka flow, Pighunteers Pass RHY /basal breccia contact. Late phase rhyolite clast deformation 
is indicated by the fracturing to the right of the pen. At this locality, the basal OBS layer is within the upper 
part of the breccia. 
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examples of the original magma, subjected to a further cooling over a large thermal gradient between 

the central thermally insulated core and the surface. The central RHY layer originally had a density 

and porosity identical to the OBS layers, but was modified by secondary vesiculation during isobaric 

crystallisation (or devitrification) after emplacement. Low density pockets of devitrified auto-brec­

ciated rhyolite occur adjacent to the basal OBS/RHY boundary and within the RHY layer suggesting 

late flow disruption and re-fusion of clasts. 

Several populations of voids (Fig 5. 1 Od) are present suggesting that vesiculation occurred throughout 

the latter phase of ascent, eruption and flow, during increasing viscosity, and decreasing gas pressure 

and temperature. Thus the void aspect ratio decreased with time. In contrast to the FVP zone, the ratio 
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of the tensile forces to the pressure exerted by the overlying lava within the upper OBS layer was lower. 

Voids were thus less able to elongate in the OBS layer where vesiculation of the gas-poor lava {LOI = 

0.18%) was largely inhibited evident from rare gas blisters or primary voids. 

Clast aspect ratios throughout the FVP and basal breccia (Fig. 5.1 0c) are uniform although higher values 

of 3 - 5 occur owing to localised compression in a pocket between OBS layers flanking the RHY spine 

core. Therefore, minor local variations exist but close sampling shows little down-profile variation. 

As in the Panui flow, average length of elongate rod-shaped microlites, varies between units (Fig. 5.11) 

suggesting that microlite length was affected by the postemplacement flow thermal history. 

The basal breccia, whilst containing 3 different clast types, formed from avalanching of blocks from 

the FVP and upper OBS carapace. Also, incorporation of banded obsidian from the basal OBS zone 
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Fig. 5.11. Microlite length profile; Pre-8 ka flow. 
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into the breccia is suggested by a discontinuous basal selvedge thickness. The presence of rhyolite 

blocks in the upper part of the basal breccia layer also suggests incorporation into the flow base from 

the RHY layer during a late flow phase but that devitrification of the groundmass was initiated prior to 

flow cessation at high temperatures (Yveaver et al. 1985). 

The sharp boundaries between the upper two fabric units occurs owing to the suppression of 

vesicularity, where the vapour pressure of the voids is exceeded by the pressure exerted from the 

overlying lava causing differing rheological behaviour of both FVP and OBS units. The demarcation 

between OBS and RHY is primarily the result of secondary vesiculation during ground mass devitrifica­

tion resulting in angular voids several millimetres in size of low aspect ratio. Low density pockets of 

devitrified autobrecciated rhyolite occur adjacent to basal OBS/RHY boundary and within the RHY 

layer supporting late flow-phase disruption and re-fusion of clasts. 

Unlike other pre-caldera shield lavas (e.g. Tumoe - Okawa Pt.) that flowed down steep slopes, were 

very mobile and are traceable for at least 500 m, the longitudinal extent of the Pre-8 ka flow is limited 

- Crater Bay being the possible source of a thick sequence of 6.3 ka Taratimi tuft ring deposits 

(Houghton and Wilson, 1986). The basal slope (0) cannot adequately be estimated. Houghton and 

Wilson (1986) infer that at least the most recent of the pre-caldera shield lavas were spatter fed, on the 

basis of steep flow slopes and diminishing flow thicknesses away from source. There is no physical 

evidence for the spatter feeding of the Pre-8 ka flow. Further discussion on this emplacement 

mechanism will be outlined in the following sections. 

5.7. The 8 ka Flow. 

The 8 ka flow (Fig. 5.12) is a lava sheet extending from the base of Tutaretare to Pighunters Pass, 

overlying an airfall lapilli dated at 8 ka B.P. (Buck et al. 1981). The 3 caldera section sites studied at 

the 8 ka flow were: 

a. Halls Pass, a complete profile through the flow below the overlying Ruru Pass welded tuft 

(Houghton et al. 1985b); 

b. The Overhang, comprising basal RHY, OBS, and the 8 ka fall layer, in a section above Te Paritu 

Lake; 

c. Pighunters Pass, the northern most margin of the 8 ka sheet, above the Pre-8 ka flow. 

In addition, at Parekoura Pt., on the southern margin ofTaratimi (Crater) Bay, a well developed distal 

carapace section is observed. 

5.7.1. Halls Pass. 

The top 6 m of the Halls Pass column is characterised by flow-lineated finely vesicular obsidian. 

Individual lineations are 2 - 2.5 mm width and are distorted around the margins of rare rotated 

pumiceous clasts. Some clasts also have long axes oriented obliquely to the apparent dip of the flow 

banding and are rotated by the flow. Between lineations, the long axes of primary voids are 15° oblique 

to the flow banding, trending 214° with a 3° dip inwards toward the caldera. Mean Rv varies from 8.6 
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to 6, and, together with porosity (Fig. 5.13) decreases with increasing depth within the intact upper 

FYP/08S layer. The finely vesicular obsidian/RHY contact is undulating over a 2 m vertical extent. 

The RHY layer is characterised by medium spaced columnar jointing dipping 10°SE and steeply 

dipping foliations (0.5 - 10 mm) with interfolial angular secondary voids of low aspect ratio less than 

3.5. On the western margin of the Halls Pass track, near the apex of a blocky talus slope, small obsidian 

wedges contain flow bands dipping 40°NW. The basal OBS layer is exposed downslope on the eastern 

margin of the track of 1.8 m in thickness, locally brecciated into angular lozenges (Re = 2.15 ± o.6, 

to 3.14 ± 1.15). 

Fig. 5.14a shows the flow stratigraphy of the Halls Pass area. 

Halls Pass is interpreted as being the lateral equivalent of the Overhang section in that the best model 

to explain the outcrop stratigraphy is that the 8 ka flow spills inward over the caldera rim in addition to 

flowing away from the inferred vent now obliterated by caldera C. Evidence for this scenario includes: 

a. joints in section A bow outwards toward the caldera (dipping southeast) indicating formation by 

tensile fracture during progressively inward propagation on cooling and block contraction, 

perpendicular to the inclined basal cooling surfaces of the flow; 

b. no lateral equivalent of the 8 ka fall deposit (in C) occurs in A, but an equivalent of basal OBS of 

similar contact dip occurs in B, being correlative with the wedges in A; 

c. lava overlies both the 8 ka fused fall lapilli and non- fused older pyroclastics. 

In segment B, the basal OBS layer is locally brecciated (Re = 3.21 ± 2.00, n = 20; 2.03 ± 0.50, n = 
20) favourably comparing with the same unit upslope in C (3.30 ± 1.13, n = 19). The basal O8S/RHY 

contact is sharp and marked by broken obsidian lineations and both rhyolite and obsidian clasts. 

Fig. 5.14b describes a section through the basal OBS layer, and the 8 ka fall lapilli layer. At o. 75 m 

below the lower flow contact, a fine-grained unit, of phreatomagmatic origin, contains fossil 

pohutukawa leaf moulds, orientated subparallel to the contact (020/31°E) with the 8 ka fall lapilli, but 

not preferentially aligned within the unit. The bulk of the 8 ka lapilli, both above and below the 

phreatomagmatic unit comprises a coarse grained (5 - 10 mm), fines-free unit suggesting an open 

vent fountaining style of eruption. The uppermost 0.4 m is marked by alternating coarse- and 

fine-grained fused lapilli of higher density (2.22 g.cm-3) and 12% porosity, compared to 1.6 g.cm-3 and 

26.5% for the density and porosity of the basal coarse grained 8 ka fall unit. Rare gas blisters with long 

axes orientated into the outcrop face may be used as local indicators of flow direction. These occur 

mainly within the upper fused lapilli just beneath the lava-lapilli basal contact, suggesting that the fall 

lapilli was hot and contained volatiles. 

5.7.2. The Overhang. 

This section, 50 m above Te Paritu lake best shows the spatter fed nature of the 8 ka lava sheet. The 

aka lava during or shortly after emplacement cascaded down the caldera wall to unconformably overlie 

all older units, i.e. aka fall lapilli, paleosol, Paretu Ash, and two oldertaalian tuft ring deposits separated 
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by a deep orange paleosol (Houghton and Wilson, 1986). Underlying this sequence is an older rhyolite 

lava of probable pre-caldera shield origin. 

Houghton and Wilson (1986) conclude that the 8 ka lava sheet is spatter fed because the lava 

unconformably truncates older deposits draping caldera segment B. The inference here is that either 

the vent lay on the caldera rim, which means that it must have been an arcuate fissure extending to 

Pighunters Pass of which there is no evidence, or that the vent was within caldera B and is now 

obliterated by caldera C. Further evidence against a vent origin on the caldera rim is no vent related 

pyroclastic facies, such as a breccia funnel occur( cf. Eichelberger et al. 1986). Additional evidence 

for a spatter fed eruption mode is the fusion of the co-eruptive 8 ka fall deposits. Thermal effects are 

absent when the 8 ka lava overlies older pyroclastics. 

Residual volatiles and heat in the fall deposits may have played a role in promoting interclast fusion. 

The 8 ka fall deposits are only fused within the top 0.1 - 0.2 m below a ~ 20 m thickness of lava at the 

top of the Overhang and 1.35 m below a greater overlying thickness of lava ( ~ 70 m +) on the eastern 

wall, where the lava truncates the Paretu Ash and two ancient tuft rings with an intervening paleosol. 

At section 1 (Fig. 5.15) the upper contact of the fine grained unit underlying the 8 ka lapilli is plastered 

against charcoal-lined holes from former logs. Therefore the fine grained deposit was cold and 

cohesive supporting a phreatomagmatic origin. The log holes occur largely within the basal coarse 

grained lapilli of the 8 ka fall layer suggesting that the airfall unit was hot ( 300°C) but not hot enough 

to fuse. The top 0.1 - 0.2 m is fused and gas blisters at the contact between the lapilli and the basal 

OBS selvedge of the lava may be used as directional indicators of flow. Their presence suggests that 

the lava was emplaced shortly after the upper 8 ka fall lapilli and that during fusion, largely by heating 

from the overlying lava, volatiles from the lapilli collected into pockets. In contrast, vesiculation of the 

overlying lava would have been completely suppressed within the basal parts of the flow. The flattening 

ratio of the fall lapilli clasts increases from the basal coarse-grained unit (Re = 2 - 3) upwards to 5 - 9 

in the fused zone with a density of 2.22 g.cm-3 suggesting an increasing temperature and decreasing 

clast viscosity, influenced by the overlying lava. 

At the eastern edge of the Overhang at section 2 (Fig. 5.15), the following basal sequence occurs 

below a discontinuous basal OBS layer of the lava: 

a. 

b. 

c. 

a 0.95 m thick fused lenticular unit (Re = 5 - 10, clast size = 2 - 3 mm) . Joints (022/84°W) 

continue from the base of the OBS selvedge into this unit; 

a fine grained fused unit (0.16 m thickness); 

a less fused coarse grained deposit (0.24 m thickness) with a range of clasts from underlying 

deposits such as the pinkish orange inter-tuft ring paleosol. 

The contact between unit c and the underlying truncated older pyroclastics dips 31°W. 

Thus the fusion layer is caused from the baking of the co- eruptive fall tephra. Only the top part of the 

fall lapilli is fused suggesting that its emplacement from a pulsating eruption column (Houghton pers. 

comm. 1988) shortly preceded that of the lava. Older pyroclastics on the caldera wall such as those 

below segment B, Halls Pass, were not fused. However these deposits were incorporated into the 
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basal unit c as the lava spilled down the caldera wall after eruption. Further evidence of spill-back of 

the Ska sheet is from a tight asymmetric fold whose crest dips 36° upslope, boudinage of obsidian 

foliations at the basal OBS/RHY contact and clast rotation on the basal OBS/fused ska lapilli boundary. 

The lower 0.45 m of the 0.9 m thick basal OBS layer of the 8 ka flow is a ctast-supported breccia where 

foliated clasts have been rotated, stretched, tapered (subrounded morphology) and re-fused, resulting 

in a range of Re values between 2.5 - 5. This piece of physical evidence alone suggests a high thermal 

gradient, flow temperature and a relatively mobile flow base (Fig. 5.15). 

5.7.3. Pighunters Pass. 

The Pighunters Pass section lies above the Pre-8 ka flow and forms the northern edge of the ska sheet 

(Fig. 5.16). On the northern margin of the FVP ,the orientation of the tong axes of voids is 55° SW (Av 

= 12.82 ± 4, n = 20) occurring obliquely to spines of obsidian projecting 8 m from the basal selvedge 

of the flow. 

The OBS layer shows the following characteristics: 

a. an alternating dense and vesiculated margin suggesting pockets of continuing effervescence 

during flow; 

b. void long axes dipping 78° SW toward the flow centre parallel to foliation dip; 

c. gas blisters or pockets of vesiculation with glassy intravoid septa, useful as flow directional 

indicators; 

d. three fold axial plane orientation populations-two low angle (basal) and one high angle paralleling 

the limbs (at the base) of the projecting OBS spine; 

e. disharmonic tight asymmetric flow folds plus tubular fold cross sections (including boudins on 

fold limbs); 

f. local brecciation along the base of the flow resulting in an irregular OBS layer thickness, with 

flow-orientated long axes of obsidian clasts. 

The lower OBS layer occasionally includes clasts of FVP (Re = 2.58 ± 0.90, n = 20), forming a breccia 

up to 0.68 m in thickness, lying above a thin pyroclastic unit consisting of a succession of coarse and 

fine-grained fall units (8 ka fall lapilli) less fused than at the Overhang or Halls sections. 

Thus the Pighunters Pass section represents a transverse basal slice through a southwards thickening 

a ka flow sheet consisting of a margin of intact and brecciated FVP also incorporated into the basal 

portion of the flow, enveloping an OBS unit of variable thickness with flow margin obsidian spines 

projecting from the basal selvedge. The RHY layer consists of widely spaced columnar jointing bowing 

outwards in the direction of the flow trend. The Pighunters Pass section, like the Overhang and Halls 

Pass sections provide proximal exposures through the 8 ka flow sheet. The arcuate caldera wall trends 

from 068° to 210°. The average trend of the long axes of basal gas blisters is 146° ± 20° (n = 9) for 

Halls-Overhang and 000° - 120° (n = 2) at Pighunters Pass. These values indicate that the flow 

originated from a vent or northeasterly aligned fissure within the southwestern corner of the caldera. 
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(B) Clast aspect ratio, (section 1) through lower OBS, fused layer and 8 ka lapilli. The orange dashed line 
represents the average Re value increasing to 5 - 9 in the fused zone towards its base. The brecciated part 
of the lower OBS unit is discontinuous and varies in Re as is shown by dissimilar values at locations a and 
b. 

(C) Photograph of Section 2 showing an increased thickness of fused 8 ka lapilli below an interfoliated 
L.OBS/RHY zone marked by an asymmetric flow fold dipping upslope. (photograph courtesy T. Clemm) 
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Fig. 5.16. Pighunters Pass Section, 8 ka flow. 

5. 7.4. Parekoura Point. 

Parekoura Pt. (Fig. 5.17a) is the most well developed flow carapace section on Mayor Island, underlying 

a thick sequence of proximal Tuhua deposits (described in Houghton and Wilson, 1986). The upper 

flow stratigraphy exposed comprises: FVP breccia; OBS; and RHY. 

The FVP breccia comprises angular clasts of pumice filling structural synclinal troughs between 

obsidian spines or ridges. Void size varies from coarsely vesicular( 1 - 2 mm) to finely vesicular ( 0.2 

mm). The FVP(fuhua sequence contact is marked by a dry plinian tuft (unit A of Houghton and Wilson, 

1986) dipping 22° N marking the tapering northern edge of the 8 ka flow, and also dips 3° E parallel 

to the longitudinal flow axis. The maximum thickness observed for the clast supported FVP breccia 

is 12 m (Fig. 5.17b). The contact between the FVP and OBS comprises broken or semi detached clasts 

of interfoliated obsidian and finely vesiculated pumice, and dense obsidian blocks. 

The OBS layer stratigraphy is best shown at section C (Fig 5.17c) largely comprises dense black 

obsidian, vesiculated with high aspect ratio voids marginal to FVP-derived breccia pockets, and with 

pinkish-brown and finely microvesicular yellow glass and spherulitic obsidian (spherulites s 1 mm 

diameter) bordering the RHY layer. The OBS layer contains abundant primary voids and tubes, and 

well preserved grooves and surficial cracks. In cross-section, the longitudinal OBS ridges usually have 

a devitrified rhyolite centre with a vesiculated obsidian margin containing high aspect ratio voids, and 

gas blisters with glassy intravoid septa interfayered with dense obsidian or brecciated obsidian and 

rhyolite. The latter forms corridors between flow ridges (Fig. 5.17d) representing either: 

a. tension cracks in the original carapace, where during flow the stratigraphy overturned, and 

marginal RHY/OBS fabrics became brecciated. As the breccia arose through the cooler more 

rigid OBS layer, the obsidian fragmented and sections were rafted; or 

b. fractured synclinal troughs in which obsidian avalanched down rising flow ridges and mixed with 

vesiculated obsidian and flow banded rhyolite from the OBS/RHY boundary. 
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Fig. 5.17. Parekoura Point 

A - A' section: vertical thickness of FVP = 12-16 m 

B - B' section: height of ridge= 2.5 m 

distance between A - A' and B - B'= 20 m 

a. Structural map of the northern margin of Parekoura Point. 

b. Transects A and B; a trough containing FVP breccia between two obsidian ridges with a central rhyolite 
core (B'), quadrant 1 

c. Transect C, quadrant 3; a lateral transect showing contact relations on the margin of a brecciated rhyolite 
core. 
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d. Transect D, quadrant 2; - a fractured syncline showing brecciated obsidian and rhyolite along the 
synclinal hinge-line between two flow ridges capped with obsidian. 

e. Curvilinear obsidian and rhyolite flow ridges as fractured synclines and rampart structures. 

f. Cliff section parallel to the central flow line (primary flow direction) showing the folded structure of the 
upper flow stratigraphy: FVP in troughs, lined with obsidian (compressed anticlines as spines), and 
columnar jointed rhyolite. Photographs courtesy of T. Clemm. 
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The outcrops of rhyolite occur either in exposed sections across ridge ends (e.g. section B--8') or as 

elongated exposures flanked by obsidian parallel to flow ridges. Usually the foliation is steeply dipping 

or the rhyolite brecciated, suggesting the fluid injection of lava as spines (that later brecciate) between 

the more brittle crust, or fracturing and compression of structural anticlines with the fold axial plane 

and fracture plane coinciding (cf. Fink, 1980; 1983). Foliation is steeply dipping usually toward the 
central flow line. 

Beyond quadrants 1 - 6 the flow ridges change strike direction from 089° to 024° and dip inland toward 

the inferred vent (Fig. 5.17d). Texturally the pantellerites are less varied than those of the mapped 

zone on the northern margin of Parekoura Pt., and the OBS spines of the upper carapace generally 

contain fewer primary voids with rare gas blisters up to 0.65 x 0.28 x 0.27 m size steeply inclined (e.g. 
045/53° NE). 

The cliff section south of Parekoura Pt. (Fig. 5.17f) represents a longitudinal section through part of 

the 8 ka flow confirming the folded structure of the upper flow. Thus area B of Parekoura Point (Fig. 

5.17a), represents a section across basal OBS and upper foliated RHY, through a series of rampart 

structures (cf. Cas and Wright, 1987), as fractured folds, whereas area A is a compressional flow 

margin comprising longitudinal ridges with a complexity of flow structure (ie. greater brecciation and 

vesiculation). 

A model describing the sequence of events primarily from structural evidence at Parekoura Point 

carapace section will be outlined in section 5.8. 

5.7.5. Composite profile interpretation - 8 ka flow. 

The following locations provided data from which the composite profiles are composed: Parekoura 

Point - a composite section providing the best exposure of FVP, upper OBS, and upper RHY; Halls 

Pass - upper OBS, RHY lower OBS, and 8 ka tephra; and Overhang - lower RHY, OBS and fused upper 

8 ka lapilli. 

Fig. 5.18 shows the wide range of porosities (5 - 50%) for the FVP breccia (average density, 1.1 ). The 

wide range of clast porosities implies a mixing of originally equant blocks during avalanching into 

structural troughs. The wide range of vesicularity is also evident by the variable Rv values suggesting 

locally variable vesiculation in the FVP layer giving rise to differing void populations. For example, the 

obsidian-rich lineations in the flow lineated FVP contain voids of lower aspect ratio (Rv s 5) and a 

larger inter-void distance in contrast to the higher porosity zones with at least 2 populations of voids. 

Those with the highest aspect ratio deflated earlier in the flow history and are deformed around the 

margin of the later lower aspect ratio voids that inflated in a more viscous froth. 

The clast aspect ratio values are uniform suggesting that fracture of the FVP occurred within a fairly 

narrow time interval late in the flow history. 

Between the FVP and OBS layer, a sharp increase in density and decrease in porosity shows as a 

marginal zone with contrasting inferred rheological properties. For example, at section B at Parekoura 
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Fig. 5.18. Dry density, porosity, clast aspect ratio and void aspect ratio profiles for the B ka flow. 

Pt., a finely vesicular obsidian with large Rv values occurs sandwiched between dense OBS and pink 

glassy microvesicular breccia. These vesiculated layers act as zones of differing rheological be­

haviour. From larger-scale flow movements, both layers may be deformed. However, the obsidian 

layer may show small amplitude tight disharmonic folds whereas the pumiceous layer of higher viscosity 

from surface tension forces between suspended gas bubbles, shows lesser intralayer deformation. Rv 

values within the OBS layer (of 3 - 4) decrease in the upper RHY/basal OBS layer breccia, to values of 

about 1 - 2. Below this level {1 O m depth) primary vesiculation is suppressed. The only other evidence 

of primary vesiculation within the entire flow thickness is basal gas blisters, formed from volatiles within 

the upper 8 ka lapilli during fusion by the overriding lava. The 15% difference in porosity between the 

OBS layers and the central rhyolite is due entirely to secondary vesiculation on devitrification of the 

groundmass. Clast aspect ratios within the RHY layer in zones of local brecciation are uniformally low 

(Re = 2) in conJr:asU0-the basal clasts at the Overhang and those in the fused upper Bka fall lapilli unit 

under high temperatures and thermal gradients. While small scale deformation of clast shapes 

occurred at the base of the Bka flow, rheomorphism of the fused basal lapilli did not occur, unlike the 

Ruru Welded Tuff at Halls Pass where mean Re ~ 20 - 22 and standard deviations are large. Here, 

the dark glassy fiamme have tapered ends and deform around angular vesiculated clasts of 3 - 5 mm 

size. Initial aspect ratios are unknown but Ri values of 1 - 4 may be appropriate for two mutually 

perpendicular two-dimensional surfaces (Fig. 5.19). However high Re values of between 7 - 60 with 

long axis declinations deviating less than 1 o0 indicates that the Re values are greater than from 

compaction alone and hence rheomorphism must have occurred. A more detailed account of the 

Ruru Pass welded tuff may be found in Houghton et al. ( l 985b). 

Microlites (Fig. 5.20) appear to be subdivided into 3 discrete populations corresponding to the FVP, 

OBS and RHY layers respectively. Rod-shaped elongated microlites occur sparsely in the FVP layer 
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Samples removed from outcrop and cut parallel to bedding planes also show a 
preferred orientation of long axes of fiaJM1.e. Thus, rheom.or::phism. of the tuff 
must have occurred during emplacement or after emplacement. This contrasts with 
the Thera welded tuff in Fig. 12 of Sparks and Wright (1979} in th.at its 
deformation was compactional only. 

but several populations occur in the OBS layer. The location of large overlapping laths ~ 85 µm long 

in spherulitic obsidian bordering the RHY layer suggests that these crystals formed after the flow was 

emplaced because crystals of this type do not occur anywhere else within the flow stratigraphy. In 
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Fig. 5.20. Microlite length profile and frequency histograms for fabric units of the 8 ka flow. 
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addition to the population that formed during magmatic ascent, the differences in length of the elongate 

rod-shaped population, as for the Panui and Pre-8 ka flows, suggest that the crystallisation history is 

partly dependent on the thermal history of the flow. 

5.8. Emplacement Model. 

The 8 ka flo'w' is inferred to be spatter fed. The flo'w's comprising the precaldera shields (e.g. Okawa 
Pt., Tumutu Pt ) cascaded do'w'n steep slopes and thin distally, 'w'ith each flo'w' separated by 
pyroclast1cs ( poss1 bl y fused) or orange paleosols. By analogy to the precaldera shield flows, the 
Pre-8 ka flo'w' may have been spatter fed. The follo'w'ing emplacement model summarised in Fig. 
5.21 1s constructed largely from the 8 ka and Pre-8 ka flo'w's 'w'ith carapace processes largely from 
structural observations and measurements at Parekoura Pt. Further discussion on a spatter fed 
emplacement mode occurs in chapter 9. 

MAGMA ASCENT ERUP. FLOW CESS. COOLING 

Crystals Phenocrydts 

Microlites 
Layer formation 

Flow banding Layer folding I Ref~/brittle deformation 
Secondc ry flow marks:: 

Voids 
Pyroclastic vesiculation : :: 

Lava vesiculation 
~sal gas blisters 

I 
FVP breccia 
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I 

Devitrification 
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Spherulites 
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• ♦ 
Spatter-feeding Spill-back 

8 ka flow down caldera wall 

Fig. 5.21. An emplacement history for Mayor Island flows. 

Phenocrysts (7.1 % Panui, 3% pre-caldera lavas, 0.6 % Pre-8 ka flow) formed in the magma chamber, 

with quartz becoming embayed on magmatic ascent. The 8 ka flow is aphyric. Microlites formed under 

progressively increasing undercooling segregated into microlite-rich and -poor layers that flowed 

around pre-existing phenocrysts. The Panui flow and the Opo Bay tuft cone formed from the eruption 

of gas-poor magma that fragmented by magma-water interaction (shallow steam explosions) rather 

than by vesiculation alone (Houghton pers. comm., 1989). Unlike the 8 ka flow there is no physical 
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evidence for a spatter fed origin. However, vesiculation of the gas-poor magma occurred prior to, 

during, and after eruption as is evident from several populations of primary voids in the FVP zone. 

However vesiculation was only sustainable in the outer 6 m of the flow. 

The 8 ka flow was preceded by the 8ka fall lapilli from an open-vent fountain which pulsated in height 

just prior to the emplacement of the lava from an hawaiian-type column. Vesiculation within the lapilli 

occurred within the top 300 m of the conduit. However, during magma uprise, the pantellerite did not 

inflate into a foam as is normal for calc-alkaline lavas such as Ben Lomond or the Inyo Domes. The 

very low water content precludes the formation of a foam. The Mayor Island magma was fluid enough 

to easily vesiculate and fire fountain, with a high but uniform textural variety and evidence of very rapid 

vesiculation at the time of fragmentation during strombolian and hawaiian-type eruptions (Houghton 

pers. comm., 1989). 

As the 8 ka flow sheet emplaced, the flow carapace was thrown into a series of surface folds. The flow 

margin experienced circumferential tensile stresses on radial compression at the margin of the 

expanding flow sheet. This was responsible for the development of primary flow ridges or ogives -

concentric curved ridges concave in the upflow direction, and their compression and fracture during 

ridge uprise. Secondary circumferential tensile stresses caused: 

a. elongation of primary voids parallel to local flow directions, e.g. quadrant 2, Parekoura Pt., 248/ 

10° - 16° E orW; 

b. divergent or oblique extrusion (Fig. 5.22). 

Local scale flow marks, recording secondary movement from primary compressional flow shortening 

of the margin in response to cooling, is evident as: 

a. grooves or striae on obsidian inter-folial surfaces; 

b. flow marks coincident with elongated surficial voids; 

c. small-scale roller-like secondary crenulations on the limbs of primary folds as troughs or on the 

limbs of secondary asymmetric folds on trough limbs. 

These features may have differing orientations on flow layers forming the margins of a syncline in 

response to differential slip during syncline formation. 

Anticlines were compressed during uprise and became obsidian spines with a rhyolite core. Adjacent 

to zones of extension (synclinal troughs), anticlines were fractured and elongated rhyolite cores were 

formed. In addition, primary tension cracks parallel with synclinal troughs and flow margins locally 

disrupted the flow stratigraphy giving rise to brecciated OBS and RHY marginal fabrics. Some synclinal 

cores show compression at their hinges evident from tight asymmetric folds. Later processes caused 

secondary skin tension cracks perpendicular or oblique to pre-existing flow marks and shear planes 

bisecting or dislocating earlier flow folds. Occasionally squeeze-up structures form between polygonal 

skin cracks of 20 - 100 mm depth. 

On lava flow carapaces (e.g. Parekoura Pt., Te Matawhero Point - correlative with the pre-caldera Pre-8 

ka flow), inter-layer variation occurs in the upper OBS layer, causing zones of contrasting rheology 
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Fig. 5.22. Declination and strike of secondary flow features (e.g. long axes of primary voids, flow marks 
fold axial planes) indicating localised flow movement along ridge E, quadrant 1, Parekoura Pt., (Fig. 5.17a)'. 
Locally, void long axis dip as at site D is inclined toward or away from the inferred vent in response to 
secondary local flow motions on circumferential compression of primary flow ridges. 

from differences in vesicularity and inferred subtle differences in volatile content. Brecciated pumice 

and finely vesiculated pink glass occur between competent but ductile obsidian layers. Rotation of 

basalt xenoliths can occur between dense obsidian, vesiculated obsidian and pumice breccia from 

late flow phase differential slip via local tensile movements between layers of contrasting rheology. 

Asymmetric flow folds and distorted primary voids in the upper OBS/RHY margin suggest that cooling 

and flow deformation proceded in tandem with the emplacement and compression of spines as 

elongate flow ridges. Brecciation of the upper margin of the carapace OBS layer occurred during and 

after the development of surface polygonal cracks. In addition to brittle failure of the FVP carapace, 

flow lineated FVP and OBS blocks avalanched down the flanks of rising spines or ridges collecting 

into structural troughs. The blocky flow front was overriden by the advancing lava during emplacement 

causing the formation of basal breccias. A mobile flow base and high thermal gradient contributed to 

the fusion of the upper portion of the 8 ka fall lapilli. The lapilli was initially hot and volatile-rich at 
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emplacement. During fusion, Re values, glass% and density increased. Volatiles were trapped at the 

lapilli/lava contact as gas blisters which recorded the direction of flow of the overlying lava sheet. Also 

during spill-back down the caldera wall, refolding and boudinage occurred in the basal OBS/RHY 

interlayered contact. Available evidence indicates that spill-back occurred during the middle flow­

phase of lava emplacement. 

The presence of rhyolite blocks in the upper part of the basal breccia, Pre-8 ka flow and the inter-ridge 

rhyolite/obsidian breccias of the 8 ka flow at Parekoura Pt., suggests that devitrification of the RHY 

layer commenced prior to the emplacement of both late flow-phase breccias and that devitrification 

of the groundmass commenced before flow cessation at high temperatures. Spherulites of about 1 

mm in size occur within the upper OBS/RHY layer margin that overprint primary flow textures having 

formed during flow cessation. No explosion breccias like those at Ben Lomond were formed, although 

the evidence of secondary volatile release is observable in all three flows studied and from trace 

element profiles described and interpreted in chapter 6. 

Joints within the central RHY layer formed last from inward propagating tensile failure perpendicular 

to cooling surfaces. Variations in cooling within the flow centre caused the curving of interior columns. 
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CHAPTER 6. 

INTRAFLOW CHEMICAL VARIATIONS AND INFERRED 
VISCOSITY OF PANTELLERITIC LAVAS. 

6.1. Introduction. 

In contrast to the calc-alkaline Ben Lomond lavas, the following lines of evidence from pyroclastic and 

lava flow sequences on Mayor Island suggest a more fluid behaviour of pantelleritic lavas. Flows have 

a steep basal slope and thin away from source. Spill-back of the 8 ka flow down the caldera wall and 

fusion of the upper part of the pre-flow airfall lapilli suggest basaltic-style spatter feeding of the flow. 

Unlike Ben Lomond, no significant spherulitic fabrics occur (Fig. 6.1 ). The lack of explosion breccia 

deposits indicates low volatile contents of flows. Fluidal fold structures and carapace spine structures 

are similar to andesitic flow features. Microlite length variations occur throughout the flow profile 

indicating that microlite crystallisation was influenced by the thermal history of the lava during 

emplacement. 
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Fig. 6.1. Two contrasting obsidian fabrics: . . . . . 
a. flow ridge obsidian from the 8 ka flow, Parekoura Pomt showmg tight asymmetnc flow folds, 
b. spherulitic obsidian, Ben Lomond. 

In addition major element chemistry is significantly different from the calc-alkaline flows in that the sum 

of Na2o and K2O exceeds A12O3; Na+ and K + are silicate polymer bond breakers promoting a lower 

polymerisation of the melt. For three Mayor Island flows, Panui, Pre-8 ka; and 8 ka, 25 analyses of 

major and trace element oxides representative of each fabric unit enabled the identification of intraflow 

chemical variation. Together with estimates of temperature, water and halogen content, the viscosity 
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at emplacement is calculated and the rheological implications for eruptive mechanism and post-erup­

tion emplacement history is addressed. 

6.2. Flow Volatile Contents and Implications for Degassing. 

Karl Fischer analyses of total water on fresh obsidians for Panui and Pre-8 ka flows, and additional 

estimated H2O + for the 8 ka flow profile is illustrated in Fig. 6.2a. Values for OBS layer fabrics are very 

low, particularly for the Ska flow where negative values suggests that either the effect of an increase 

in weight on oxidation of ferrous to ferric iron (total Fe ~ 6 wt.%) outweighs the loss in mass of H2o, 
or additional volatiles other than water are lost, or that the water content is within the error of 

determination. 

For the Ska flow, enrichment in LOI occurs in the FVP owing to an increased surface area per unit 

volume attracting low temperature H2O·. 

Karl Fischer values for total water of 0.05% (Fig. 6.2b) are typical of the black obsidian in upper and 

lower layers, and are inferred to be characteristic of the entire flow thickness prior to devitrification of 

the flow interior. The pink and yellow obsidians fringing the RHY layer, show a higher estimated H2O + 

and LOI owing to incipient devitrification and a microvesiculated fabric. Volatile contents of the RHY 

layer are high owing to secondary vesiculation and/or hydration associated with isobaric crystal­

lisation. Estimated H2O + for the B ka lapilli at 0.4% approximates the bound magmatic water content 

prior to the eruption of the 8 ka flow. This value is in contrast to that for calc-alkaline plinian deposits. 

Dunbar and Kyle (1986) found high water contents in airfall obsidian (from 0.3 - 2.6 wt%), and 

interpreted the obsidian lithics as quenching at depth prior to total degassing, hence giving a minimum 

estimate of pre-eruptive volatile content of the magma. For the 8 ka lapilli, consisting entirely of pumice, 

the estimated H2O + from LOI between 400-1 ooo°C provides a minimum estimate of the volatile content 

prior to the emplacement of the Bka flow. 

The LOI trends listed in Table 6.1 a for the Panui and Pre-8 ka flows are similar to that of the 8 ka flow. 

Pantelleritic magmas are usually reported as being dry: bulk analyses give low water contents 

(MacDonald and Bailey, 1973); no hydrous phenocryst phases are observed except late arfvedsonite 

(Nicholls and Carmichael, 1969); eruptions are generally not explosive (Houghton et al. 1985a); the 

halogen content is high (Ferrara and Treuil, 1974); and petrographic textures in natural samples match 

well with those from experiments on dry pantellerites but not with water saturated compositions (Bailey 

et al. 1974). However, from ion microprobe analyses of trace elements within matrix glass and glass 

inclusions in anorthoclase and quartz, Kovalenko et al. (1988) reported water contents of 4.5 ± 0.5% 

and 0.5 ± 0.1 % respectively for inclusion and matrix glasses, pointing to a wet pantelleritic melt origin. 

The alternatives stated by Kovalenko et al. (1988) to the dry pantellerite scenario are: 

a. low water contents means that most water outgassed during eruption; 

b. the stability of hydrous phases is reduced if aH20 < 1 even though abundant water is present in 

the melt; 
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Fig. 6.2b. Water content (wt%) versus pyrolysis temperature for four Mayor Island obsidians: 
(a) = upper OBS, 8 ka flow (total water = 0.059%); 
(b) = lower OBS, 8 ka flow (0.057%); 
(c) = upper OBS, Pre-8 ka flow (0.057%); 
( d) = upper OBS, Panui flow (0.07% ). The - 5% by volume crystals were not separated from the glass. 
Samples were analyses via Karl Fischer tetration by H.R. Westrich, Sandia Laboratories, Albuquerque. 
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C. 

d. 

the Taupo ultraplinian and the comparatively mild Obsidian dome eruptive products give nearly 

identical results of 4.5 and 4.1 % water respectively by ion microprobe analysis suggesting that 

high water contents are not sufficient to produce violent eruptions; 

because a as well as water has been lost from the melt during outgassing but the amount of Cl 

and Na loss is minor, which testifies to the high solubilities of halogens in the peralkaline melts; 

Further results (Kovalenko et al. 1989) for ten different pantellerites give an average water content of 

approximately 1.4%, significantly lower than the 4.5% value from the preliminary study of Kovalenko 

et al. (1988). 

One explanation for the high result of 4.5% water in the preliminary study, was that enriched water 

values occurred owing to ion concentration gradients (Druitt et al. 1982). Despite the limitations of 

fluid inclusion methodology (refer Hervig et al. 1989), no evidence of concentration gradients occurred 

in the sample examined (Hervig pers. comm. 1989). 

Degassing of water is expected on eruption but the pantellerites studied by Kovalenko et al. (1989) did 

not show a loss of F and a small depletion of a during this event. 

An upper limit in water content for the 8 ka lapilli (porosity = 30%) is approximately 2% based on the 

method of Sparks (1978), whereas the lower limit is based on LOI (400-1 ooo0 C) being 0.4%. Therefore 

the difference in volatile content between the magma chamber and the sample was between 50 - 7.5% 

of the total amount of degassed water inferred for the calc-alkaline Ben Lomond system. 

6.3. Temperature Estimates. 

As Mayor Island lavas contain no Fe-Ti oxide pairs, temperature of the magma and lava was determined 

by other means. The glass transition temperature determined by DTA was approximately 850°C. In 

contrast to Ben Lomond the hysteresis effect, between the actual glass transition temperature (T 9) 

during original annealing and the value determined from the reheating and fusion of a powder by DTA, 

is smaller. 

The appearance of the sample after fusion was unlike that of the lower temperature Ben Lomond lava. 

Rather than being tack-fused (i.e. grain to grain contact), the samples were completely fused and had 

undergone viscous deformation as shown by the smoothed and rounded surfaces of the c. 2-5 mg 

samples. Thus, the appearance of the fused samples alone implies a more fluid lava rheology. Also, 

in contrast to calc-alkaline lavas of equivalent flow thickness such as Obsidian Dome, northern 

California, the larger thermal gradient between the central and outer flow margins would contribute to 

a longer time interval for viscous deformation of the flow interior. By rearranging equation (4.17}, a 

value for t (the time taken for the RHY layer to cool below the glass transition temperature close to 

700°C), is 1 o.5 years (8 ka flow) versus 6 years for Obsidian dome, assuming To = 950°C. 
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The dendritic groundmass textures of basaltic xenoliths within the pre-8 ka and a ka lavas suggest the 

quenching of a high temperature magma within a lower temperature pantelleritic melt. Rutherford 

(1978) estimated the crystallisation temperature (via the method of Mathez, 1973) of the plagioclase 

within the basalt xenoliths was as high as 1300°C assuming p H2O = o. 

The ferromagnesian assemblages in peralkaline rhyolites indicate that they start to crystallise at 

temperatures approximately between 900 and 1025°C and with oxygen fugacities close to those 

defined by the fayalite-magnetite-quartz buffer (Carmichael, 1967). As the temperature decreases and 

peralkalinity increases, the liquids enter a no-oxide region in which aenigmatite is the common 

ferromagnesian phase (Fig. 6.3). Many peralkaline rhyolites will start their crystallisation within the no 

oxide field but this depends on temperature, oxygen fugacity, and peralkalinity (Na2O + K2O / Al2O3) 

or activity of Na2Si2O5 (Nicholls and Carmichael, 1969). 

Melting experiments at standard pressures were conducted on obsidian powders from the Panui and 

8 ka flows at 1000 and 1050°C respectively. Partial melting of crystal fragments within the 

fused glass occurred for the Panui sample. The aphyric 8 ka flow sample was fused at 1 oso°C for 

three hours, showing viscous deformation and remelting of microlites. Thus both these values provide 

upper limits on the emplacement temperature for Mayor Island lavas, and a temperature of 950°C is 

a realistic estimate. This estimate assumes that the volatile content during crystallisation of the 
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phenocrysts (sanidine, aenigmatite, pyroxene, quartz for Panui) was low, and that the volatile content 

at emplacement was comparable with that of the sample. 

Blocks of Mayor Island obsidian when heated to 1 ooo0 c vesiculate and show evidence of viscous 

deformation. Mayor Island obsidian blocks expand by 370% volume and block thickness by 50% when 

heated to 1000°c. Inflation is initiated at temperatures of approximately 850°C. In contrast, Ben 

Lomond blocks expand by 600% volume and block thickness by 100% over a nine hour period after 

an initial lag-time of non-inflation for 2.5 - 3 hours. After inflation, the thickness of the peralkaline 

obsidian block collapses by 20% over a five hour period as the angular edges of the block become 

rounded forming a hemisphere (Fig. 6.4). Viscous deformation of the inflated Ben Lomond block is 

not evident. 

Thus, microlite length variations, vesiculations and vesicle collapse at surface pressures can occur 

within the time frame of emplacement. 

6.4. lntraflow Geochemical Variations. 

Chemical variations in major and trace elements reflect to magma chamber origins, emplacement 

composition and post-flow secondary processes. 
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Fig. 6.4. Change in thickness (h%) duri~ time for two obsidian blocks M (Mayor Island) and B (Ben 
Lomond) when heated to and held at 1000 C. 

106 



Samples selected showed no evidence of post-emplacement weathering. Samples from both coastal 

and caldera wall sections (Pighunters Pass exposures characterised by salt infilling joints) were 

washed with distilled water and oven dried at least five times. For sea water metasomatism to be 

manifest in chemical results, Na2O and LOI of 7 and 5% respectively and Cl contents of 50,000 ppm 

(Yveaver writt. comm. 1989) would be typical. Values for Cl, Na2O and LOI were within the range of 

previously published Mayor Island analyses (Ewart et al. 1968; Nicholls and Carmichael, 1969; 

Houghton and Wilson, 1986). 

The major element chemistry of the obsidian layer is significant for the following reasons. It is the unit 

least affected by isobaric crystallisation (for young rhyolites), and is potentially the least weathered as 

it has the lowest porosity. 

For example, at Ben Lomond the chemistry of the OBS layer was uniform throughout the 30 m thickness 

of the unit. Also, apparently samples were unaffected by seawater metasomatism. For Mayor Island, 

the following assumptions were made to aid the interpretations of chemical profiles: 

a. the chemistry of fresh black aphyric non-hydrated or non-vesicular obsidians are best repre­

sentative of the eruptive composition of the lava; 

b. if the chemical composition of the upper and lower OBS layers are similar then the lava flow was 

derived from one magma; 

c. if the bulk chemistry of the OBS and RHY layers differ, then the RHY layer changed in composition 

from the original liquid (glass) during isobaric crystallisation. 

The chemical composition of the Pre- aka flow closely approximates to that of the pre-caldera shield 

lavas (Houghton and Wilson, 1986). The aka and intracaldera post-C lavas have a lower SiO2 content 

and higher peralkalinity (ie. Na2O + K2O / Al2O3) (Ewart et al. 1968; Macdonald and Bailey, 1973). 

Twenty-six samples from three flows: Panui; Pre-8 ka; 8 ka were analysed by XRF for major element 

oxides and trace elements, and are listed in Tables 6.1a and 6.1 b respectively. 

6.4. 1. Major element variability. 

In contrast to Taupo Volcanic Zone calc-alkaline rhyolites such as Ben Lomond flow, SiO2, Al2O3, 

Na2O and K2O show greater intra flow variation. All major elements have been adjusted to an 

anhydrous composition to eliminate variations caused by the differing LOI values between flow 

pumices (largely adsorbed low temperature H2O-) and obsidian fabrics. 

For the Panui flow (Fig. 6.5), the major element concentrations comprising the upper and lower OBS 

layer are virtually identical, confirming that for a frozen lava unmodified by post-eruptive devitrification, 

the OBS layer chemistry is best representative of the eruptive composition of the lava. Also, it follows 

that the pre-eruptive composition of the lava is uniform. Enrichment and depletion factors for the RHY 

layer with respect to the OBS layer are appended to the profiles in Figs. 6.5 - 6.8. Slight enrichments 

occur in the RHY layers of the Panui flow for SiO2, Al2O3 and K2O. As both Fe2 + and Fe3 + comprise 

total Fe, and were not independently determined, profile interpretation of total Fe has limited value. 

The most significant variation, a 19% depletion in the RHY layer, is characteristic for the Na2O profile. 
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Table 6.la. Major element geochemistry, Mayor Island. Major elements (wt%) are tabulated on a volatile 
free basis. t = total FeO + Fe2O3 expressed as Fe2O3 • = original analytical values. Analyses 1-26 are 
listed below with sample description, fabric unit, sample site and Waikato University number. 

Table 6.lb. Trace element geochemistry, Mayor Island. Duplicate pellets were made for each sample giving 
four measurements of trace element concentration per sample. Error bars represent two standard errors or 
95% confidence interval. n.d. = not detected. 

1 grey pumice (FVP) Panui flow, Tokomata Point (WT. 26833) 
2 black obsidian (U.OBS) Panui flow, Tokomata Point. (WT.26834) 
3 obsidian/rhyolite transition, Panui flow, Tokomata Point. (WT.26835) 
4 green rhyolite (RHY), Panui flow, Tokomata Point. (WT.26836) 
5 black obsidian (LOBS), Panui flow, Te More-o-moiterangi. (WT.26837) 
6 basal breccia (BR), Panui flow, Te More-o-moiterangi. (WT.26838). 
7 Ruru Pass welded tuff (Wf.26839) 
8 Ruru Pass tack-welded basal pumice (Wf.26840) 
9 grey pumice (FVP), 8 ka flow, Parekoura Point (WT.26841) 
10 grey pumice (with glassy obsidian bands) (FVP), 8 ka flow, Parekoura Point (WT.26842) 
11 black aphyric obsidian (U.OBS) 8 ka flow, Parekoura Point (WT.26843) 
12 pinkish obsidian (U.OBS), 8 ka flow, Parekoura Point (WT.26844) 
13 yellow obsidian (U.OBS), 8 ka flow, Parek~ura Point (WT.26845) 
14 green rhyolite (upper RHY layer), 8 ka flow, Parekoura Point (WT.26846) 
15 green flow-banded rhyolite (RHY), 8 ka flow, Halls Pass (WT.26847) 
16 black aphyric basal obsidian (LOBS), 8 ka flow, Halls Pass (WT.26848) 
17 fused 8 ka lapilli, Halls Pass (WT.268849) 
18 phreatomagmatic fine grained tuff (Wf.26850) 
19 pink pumice (FVP), Pre-8 ka flow, central Taratimi (WT.26851) 
20 black aphyric ob~idian (U.OBS), Pre-8 ka flow, central Taratimi (WT.26852) 
21 dark green rhyolite (RHY), Pre-8 ka flow, central Taratimi (WT.26853) 
22 rhyolite (RHY), Pre-8 ka flow, Pighunters Pass (WT.26854) 
23 rhyolite (RHY), Pre-8 ka flow, Pighunters Pass (WT.26855) 
24 black aphyric obsidian (L.OBS), Pre-8 ka flow, Pighunters Pass (WT 26856) 
25 pink pumice (BR) Pre-8 ka flow, Pighunters Pass (WT. 26857) • 
26 brown tuff underlying Pre-8 ka flow, Pighunters Pass (WT.26858) 



Table 6.la. Major elements. 

2 3 4 5 6 7 9 10 11 12 13 

SiO2 74.80 74.92 75.01 75.62 74.91 74.90 73.61 73.45 73.62 73.47 73.37 73.42 73.45 
T'°2 0.22 0.22 0.22 0.21 0.22 0.22 0.24 0.25 0.22 0.22 0.22 0.22 0.23 
Al:!03 10.08 9.89 9.92 9.97 9.92 9.92 9.48 9.42 9.75 9.73 9.72 9.66 9.66 
F920:3t 5.04 4.77 4.93 4.97 4.79 4.81 6.25 6.45 6.0 6.0 5.97 6.02 6.01 
MnO 0.09 0.09 0.09 0.09 0.09 0.09 0.13 0.14 0.13 0.13 0.13 0.13 0.12 
MgO 0.04 0.11 0.04 0.06 0.13 0.11 0.02 0.05 0.04 0.03 0.05 0.03 0.04 
CaO 0.18 0.17 0.17 0.18 0.19 0.45 0.23 0.18 0.22 0.21 0.22 0.22 0.23 
Naz() 5.20 5.51 4.90 4.44 5.42 5.24 5.75 5.55 5.71 5.91 6.03 5.99 5.96 
K2<) 4.33 4.33 4.38 4.43 4.33 4.25 4.28 4.47 4.27 4.29 4.28 4.28 4.29 
Pz05 0.01 n.d 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 

Total" 98.45 99.65 98.09 98.44 99.83 99.50 98.47 98.07 99.93 99.83 100.01 100.09 99.69 
LOI" 1.77 0.24 0.24 0.70 0.23 2.19 0.01 2.78 0.49 0.10 0.01 0.48 0.31 

14 15 16 17 18 19 20 21 22 23 25 26 

SiOz 72.86 73.66 73.57 74.05 75.00 74.71 74.88 75.01 73.38 73.65 73.37 73.49 
T'°2 0.29 0.23 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.26 0.22 0.24 
Al:!03 10.12 9.91 9.72 9.64 9.56 10.41 10.23 10.51 9.56 9.86 9.59 9.64 
F820:3t 6.14 6.13 5.98 5.92 5.47 4.47 4.47 4.49 5.93 6.10 5.93 6.06 
MnO 0.13 0.13 0.13 0.12 0.10 0.08 0.09 0.09 0.12 0.13 0.12 0.13 
MgO 0.32 0.24 0.06 0.11 0.40 0.09 0.04 0.10 0.06 0.20 0.05 0.09 
CaO 0.49 0.28 0.22 0.26 0.23 0.28 0.19 0.20 0.23 0.37 0.19 0.28 
NazO 5.31 5.03 5.81 5.44 4.81 5.23 5.40 4.94 6.25 5.14 6.29 5.66 
KzO 4.29 4.32 4.25 4.24 4.21 4.50 4.33 4.35 4.19 4.25 4.26 4.40 

Pz05 0.04 0.05 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.03 0.02 0.02 

Total" 99.86 100.07 99.33 99.85 99.86 99.81 100.08 98.64 99.95 99.67 99.45 100.01 
LOI" 0.58 0.75 0.07 2.36 2.75 3.76 0.17 0.45 1.57 0.81 2.48 2.30 

Table 6.lb. Trace elements. 

2 3 • 5 7 9 10 11 12 13 

Sc n.d n.d n.d n.d n d 0.7.t. 0 6 0.H0.2 n.d n.d n.d o., t 0.3 n.d 0.2 :t04 

V 3 4 t 0.9 3.3%0.6 3.4 .t. 0.4 3.1 ± 0.1 3.3 o 0.6 • 0 o 0.3 3.2 t 0.6 3.3 t 0.9 3.3 t 0 5 3.9 to.• 3.2 ± 0.4 3.7 to.• 3.8 ± 0 4 

C, 0.8 ± 0.7 n.d n.d ,.,:t 0.5 n.d 0.9 :t 0.8 n.d n.d n.d n.d n.d n.d n.d 

Ni 2.0 t 0.5 1.3 t 0.3 2.3 t 0.1 1.61. 0.5 1.9 i: 0.7 1.8 :t 0.4 ,.a:: o., 2.1 :t 0.6 1.7 :t 0.1 2.1 ± 0.3 1.5 ± 0.6 1.7±0.3 2.0 t 0.7 

c., 9.o, 5.• •.• :t 0.2 •. 8 t 0.2 91t07 4.4 :t 0.3 6.1 :t 1.6 •. 6 t 0.3 4.6 .t. 0.3 5.0 t 0.3 4.8:t 0 4 •. 3 ± 0.2 4.6 ::t 0.3 ,.1 :t 0.4 

z,, 270.• ± 3.2 260•t16 26A2t11 283H 0.6 260.9 :t 1.7 2769±1.3 2'12 t 6.7 250 .• 159 2 .... 1 6.6 2 ... 5 t 6.8 234.2" 2.• 2'3.8 ± 7.8 240.1 t 5.5 

G., 32 2 .t. 1 4 327±0 .. 33.6 t 1.3 35.1 :t 0.6 33.1106 31.2 :to., 35.4 t 0.5 33.8, 0.9 35.4 :t 0 4 35.1 .t 0.8 35.5 1 0.4 35 1 .t. 0.9 34.6: 0.6 

As 7 4 ± 0.6 7.9±02 6.7 ± 0.5 3.110.5 7910.3 7.1 .t. 0.5 6.6 ± 0.3 7.0 ± 0 3 6 3 1 0.2 6.310.7 6.6 :t 0.4 6.7t0.4 6.3: 0.7 

~ 1'9.9 1 4.5 158.8 t 0.8 157.910 • 157.1 ± 0.8 159.711.0 1,1s :to• 132.4± 0.3 129.21 0.4 130.h0.3 131011.0 131.2 t 0.6 130.2 ± 0.7 129.0 t 1.2 

Sr 3 7 o 02 3.0 ± 0.3 3.5 1 0.3 5.5 t 0.1 8.2 ! 0 2 5.9 ± 0.5 3.2 10.2 4.3 :t 0.2 2.900.2 3.2 ± 0.2 3.0 ! 0.2 3.9±0.3 3.9, 0.3 
y 153 0, 8 5 1633.t.1.4 1459:t0.S 104 4 :t 0.9 1639±0.8 158.2 !: 1.5 1"'5.3 t O • 1'84:t0.7 141.7 1 1.3 142 9 :t 04 142.6 :t 0.7 142.4 :t 0.8 138.912.7 

Zr 1"3A.t.34 ,'°" :t. 1415 :t 4.9 1'3:lt11.1 1395 1: 5.3 1337 ± 3.2 1198 :t 15.7 1178:t 0.9 1157 :t 4 1 1161 :t4.8 116' • 3.6 115-4:t.2.7 1160t2.7 

Pl> 110.3 t ~ .0 1082:t 1.3 1088t04 111.6 t 0 6 107.5 t 0.8 1026:t0.7 977:t14 !M.9±0.7 !M 2:t 0.8 93.h0.7 93.9±0 .• 9-4 2 :t 0.3 93.011.0 

Ba 26.9 ± 3.2 28 1::t25 26 .• 1 2.3 39 6 • 2.8 31.8±39 30 7 ::t 1.0 257±3.2 28.8 1 0.8 235!0.9 2'912.6 24.6 1 2.2 30 5 ± 2.5 34.0 o 2.1 

La 105.7 t 1.6 1CX3 3:t 1.4 9-t 1 t 0.9 n., 1:09 10,,l.3 ::t 1.7 98 4 :t 1.5 91.3:t 2.3 99 4 :t 1.0 90 1 :t 0 9 91.4 :t , .• 89.3± 1.0 91.0 t 1.1 887! 1.0 

c.. 242 1 :t 3.6 236.8 :t 3 A 210.2 t 1.9 2S34::t27 236 4 ! 1 .9 2300:tl.9 209.3 :t 5 7 218 0 t 0 8 205.9 :t 1 .6 207.8± 0.8 20'.9 ! 1.1 2066:tl.8 204.5: 2.7 

Pb 302• 1.7 31.11: 0.6 30.3±08 32 0 ! 0.9 30 9t 0.9 28.7 :t 1.1 25.1 :t 0.3 24 7 :t 1 3 255, 1.3 24.9±1.2 25.0 :t 0 9 24 9 :t 1.6 24 8, o 1 

Th 21.At0.7 21 8 ± 0.6 21.9 ± 0.6 222,06 21.8 :t 1 0 1991: 0 5 18.0 :t 0 3 18 4 :t 0 6 17.3:t0.7 17.710.5 18.1 i 0.7 11.1± o.• 17.7 :t 1.0 

u 6.3 ± 0 5 64:t o.4 5.8± 0.5 3 9 J: 0.2 6.2 :t 0.1 5 9 i 0.3 5 8t 0.6 5.3i0.5 5.1± 0.8 5 1 :t 0.6 s.11: o.• 5.0:t o.s 5.3 ± 0.3 

14 15 16 17 18 19 20 21 22 23 24 25 26 

Sc 08:0• 0.5 i 0 3 04:04 nd n.d 0.5, 0.3 n.d nd 0 1 :t 0.6 05t06 n.d 05±01 0 1 :t 0.5 

V 5.2: 0 6 3 5, 0.6 3.2: 0 9 3 3: o.4 4.6:t 0 6 3.4 :t: 0.9 3.3 1 o.4 3.9: 0.5 3.5 i 0 8 5.0 ± 0 7 3.2i0.3 3.6 1 o.4 •. , ± 0.2 

C, 0 3, 0 4 n d nd od n.d n.d n.d n.d 0 5 ± 0.2 1.7 i 03 n.d nd n.d .. 2 5: 0.3 23: o.• 1 8 t 0 1 18:03 21±08 1.2 t 0.3 23±04 1.4 :t 0.S 1.1 t 04 2.5 i 0.1 1.7 t 04 1.2 :t: 0 6 2 6 :! 0.3 

w 52103 • 9: 3.6 .t 9 t 0.3 •6:05 7.0 :t: 0 7 •. 7 ± 0.2 4.9 i 0.4 •. 9,0.4 A 9 :t: 0.2 7 5, o.• 5.0 t 0.1 •. 5 • 0 1 5.0: 0.2 

z,, 235 1 :t: 1.2 24A.9 :t 5 2Ja 2 ts.• 7.38 9: 4.7 2283±6.7 204.3 1 1 4 212.2 • ,.2 212.8 :t 1.4 239 015.1 240.9 ! 6 4 240.31:3 1 2365• 6.2 262.S. 1.0 

Ga 359t07 365•20 35 2 • 0 6 3A 210.8 338'0.6 31 3 :t 0 7 32 6: 0 3 3'.2, 0.5 34.Sil.5 36 1 ± 0.8 35 ... :t: 0 6 34 1 t 1.2 34.110.3 

.... 84:05 54!07 6 6 1 0.7 6 7; 0.2 6.5 ! o• 6.3 ± 0.8 6.6, C 3 4.9 t 0 6 4.0 t 0.3 4.6 t 0.5 6.8± 0.1 6.1 :t 0.3 6.5 1 0 7 

~ 1258:t:0.9 128 1 :.t 0.5 1309!0• 1306: 0.3 135 5 :to., 129 1 ± 0.5 13'2 i 0.2 130.0: 0.5 130.510.5 130.7± 0.8 131.710.5 129.0 ! 0 5 138.5: 0.6 

Sr 31.6: 0.2 12.0± 0.2 3 5 :t 0.3 8.0 ± 0 2 11 3 t 0.2 122!0.3 2 5 ± 0.1 6.6 1 0.2 •. 610.1 10.5• 0.1 3.4 i 04 3.61 0.2 5 7 :t 0.1 

y 1171 ±07 146 1 :t 1 7 143., t 1.0 145.1, 09 1226±0.8 1245±07 128.9109 118.3 :t 0.3 138 h0.2 142.St 0 3 1'3.9:t 1 0 142.9 t 0.4 144810.3 

Zr 1141: 3.9 1187 t 2.1 ·,ss14.3 1146 :t: 2 1 1119 t 3.3 1056 ! 2.3 1114 ::t .. , 115813.9 11'01 .t, 1148!2.3 1161 :t 1.7 1132 1 3.0 1135 :t 1.9 

Pl> 93.3: 0.7 95.8:t0.7 937109 91.4 t 0.4 89 0± 0.5 82.7t 0.9 88 1 t 1 6 90.S, 2.7 91.9 :t 1.0 92.4 :! 0.5 93.9± 0 8 91.A. t ,.o 93.2 ± 0.8 

Ba 88 0: 2.3 38 5 .1 1 .7 263,2.5 26 9 ± 3.0 274:tl.7 19.6 ! 1.2 19.7±23 28.6 ± 5 2 29.911.6 670, 0.9 31.1 t 4.6 29.1±2.8 37.0,26 

la 76 5: 1 3 98 1112 908•05 935i1.7 76.311.7 n1;06 82.2± 0 9 75.9 ± 2.9 850: 1.3 88 5: 1 0 90.7±0.6 89.6 i 0.9 89.4 :t 1.0 

c.. 1908:1.9 221.9± 2.6 205.7±20 212.4: 3.1 1n.H2.3 113.1 t 1.1 1965t3.2 2051 :t 3.1 194 1 ! 3.1 20'.6 1 1 3 206.0 ± 2.0 20' 7i 2.0 201.4 :t 2.9 
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Interpretations for variations in the major element profiles of the Pre-8 ka flow are constrained by the 

lack of a result for the basal obsidian layer, owing to difficulty in bead preparation for XRF analyses. 

A sharp decline from the top to the base of the Pre-8 ka flow of 1.5% in SiO2 (Table 6.1 a) may suggest 

some small compositional heterogeneity is inherent in the lava. This tentative interpretation will need 

to be tested in the future with a more thorough sampling programme including other pre-caldera shield 

lavas. 

For the 8 ka flow (Fig 6.6) the upper and lower OBS layer chemistry is equivalent and any depletion in 

the RHY layer is most pronounced near the top of the unit. For SiO2 a depletion of 0.6 wt% occurs 

between the upper OBS and the top of the RHY unit. The flow, best represented by the OBS unit, has 

a bulk SiO2 value of 73.5%, lower than the 8 ka lapilli and the phreatomagmatic layer (of 7 4 and 7 5 1,,1t % 

respectively). In contrast, an enrichment of 4.4% occurs for Al2O3. K2O shows no variation throughout 

the flow, whereas Na2O is depleted in the RHY layer by 15.5% suggesting a significant post 

emplacement mobilisation of sodium. 

6.4.2. Trace element variations. 

For each sample analysed duplicate beads were made, so that interfabric and intrafabric variation 

could better be constrained with a mean, standard deviation and 95% confidence interval. For all 

three flows, no intraflow variation occurs in Sc, V, Cr, Ni, or Cu. 

For the Panui flow (Fig. 6. 7), the most significant enrichments within the central RHY layer occur for 

Ba, with Zn and Zr having lower enrichment factors respectively. Limited variation occurs in the upper 

OBS, RHY and lower OBS layers for Rb. However, in contrast to the bulk of the flow profile, the FVP 

and basal breccia layers are depleted by 7 and 11 ppm respectively. Significant depletion factors are 

characteristic of the La and Y profiles. In contrast, a depletion of 28 ppm at the OBS/RHY transition 

and an enrichment of 18 ppm occurs for Ce, relative to the upper and lower OBS layers. 

Trace element profiles for the Pre-8 ka and 8 ka flows, illustrated in Fig. 6.8a and 6.8b show the following: 

a. no significant variation occurs within the flows for Ga, Pb, Th, U, As, Ni, Cu, Sc, V, and Cr; 

b. depletions within the RHY layer occur for Y, Rb, La, and Ce, and enrichments in Ba and Sr; 

c. unlike the a ka flow, the Pre-8 ka flow shows down-profile enrichment in Y, Nb, Zr, Zn, La, Ce. 

Sr is enriched at the base of the RHY layer for the Pre-8 ka flow, and between 12 to 29 ppm toward 

the top of the RHY layer of the a ka flow, declining sharply over approximately 1 m to the upper OBS 

layer (2-3 ppm Sr). The minimum enrichment of 12 ppm was greater than that found by Weaver 

(oral.comm. 1989) from his unpublished data. 

Ba is enriched by 65 ppm within the upper RHY of the a ka flow with the profile mimicking that of Sr. 

La and Ce show a basal enrichment, an upper depletion within the RHY layer and a pronounced 

increase from the phreatomagmatic unit (sample 18) to the basal OBS (16). Trends are less marked 

for the Pre-aka flow. The aka flow shows no interfabric variation for Zn. Zr and Nb are enriched within 

the lower RHY layer for the Ska flow, whereas the large error bar for the upper RHY level precludes 

any interpretation of intra- and interfabric variation. Y shows a major depletion of 25 ppm at the top 
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of the RHY zone and an increase by 30 ppm between the basal phreatomagmatic layer and basal OBS. 

Depletion in Y is less pronounced in the Pre-a ka flow profile. Rb variations are less significant being 

depleted by 5 ppm at the top of the RHY layer of the 8 ka flow, but less pronounced tor the Pre-8 ka 

flow. 

6.4.3. Trace element mobility - interpretations. 

XRF data demonstrate that the Mayor Island flows were emplaced as chemically homogeneous units 

(Yveaver et al. 1985). Fresh anhydrous obsidians can be used to determine the eruptive chemistry of 

the magma. The major and trace element chemistry is comparable for the upper and lower OBS layers. 

However, flow interiors are either depleted or enriched corresponding to the devitrified RHY layer. 

According to Weaver et al. (1985) flow interiors lost up to 60% of their original abundances of rare earth 

elements (REE). During this loss the REE were not significantly fractionated and the magnitudes of 

the negative Eu anomalies characterising peralkaline rhyolites were preserved. Magmatic oxygen 

isotope ratios of glassy and devitrified samples preclude low temperature aqueous leaching (Yveaver 

et al. 1985). Thus it seems likely that Na, La, Cl, and Y losses accompanied high temperature 

devitrification. 

Physical evidence (chapter 5) indicates that isobaric crystallisation was initiated at high temperatures, 

prior to flow cessation. Therefore mobile trace elements migrated as a 'front' initially by diffusion and 

later by crack migration associated with increasing crystallisation with time in the flow centre. If 

enrichments occur in the lower part of the RHY zone and depletion in the upper part of the RHY, a 

downward migration is inferred (e.g. La and Ce, 8 ka flow). Alternatively, if depletions occur in the 

upper RHY only (e.g. Y) volatiles must migrate either downwards or upwards out of the system during 

crystallisation, progressing from the centre of the flow. 

Plots of Na2O against Y, La, Ce and Ba for the Panui and 8 ka flows are illustrated in Fig 6.9. Inter-unit 

compositional enrichment in Na, Y, La and Ce occurs from the phreatomagmatic unit to the Ruru 

welded tuff. Superimposed secondary post-emplacement trends dominate the 8 ka flow. Ba is 

enriched in the RHY layer, independent of sodium depletion. For the Panui flow direct correlations 

occur between Na2O/Y and Na2O/La. 

The a ka flow obsidian is aphyric with sparse microlites, in contrast with the finely crystalline 

groundmass of the RHY layer. The Panui flow (with 5% sanidine, and a microlite-rich glass) shows a 

similar magnitude of OBS/RHY variation. Thus sanidine does not influence the relative concentrations 

of the fabric layers. 

The basal breccia of Panui flow (sample 6) is strongly enriched in Sr together with sample 14. Both 

samples are from coastal sections, and are probably contaminated by seawater Sr. With OBS layer 

Sr concentrations of 2 - 3 ppm on average, Weaver et al. (1985) ascribes within-flow variation in Sr to 

surficial seawater contamination. 
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Table 6.2 shows significant depletion of Cl in RHY with respect to OBS in the Panui, Pre-8 ka ands ka 

flows. F contents of Mayor Island flows are typically 1000 ppm. The concentrations of F and Cl are 

approximately 1.8 - 2.1 times greater than that for the calc-alkaline Ben Lomond rhyolite, and water in 

the Mayor Island glass is estimated as being at least 2 - 10 times lower than the OBS and explosion 

breccia units from Ben Lomond respectively. Thus halogens are 3.6 - 21 times more concentrated in 

the lava. 

The approximately 20% depletion factor for Na2O (with respect to the OBS layer) within the RHY layer 

of the pantelleritic flows points to the mobility of sodium-halogen solutions within the lava flow profiles 

during crystallisation of the central RHY layer. Hence in contrast to Ben Lomond, owing to significantly 

more concentrated volatile phases, more pronounced intraflow trends occur for the most soluble of 

trace elements for the Mayor Island flows. 

6.5. The Viscosity of the Mayor Island Pantellerites. 

Viscosity for the Mayor Island flows was calculated using the method of Shaw (1972) and for the 

porphyritic Panui flow, the effective viscosity via Murase et al. {1984). As the chemical data of the OBS 

layers are interpreted as being best representative of the original lava, the Fe2 + /Fe3 + ratios of 2 - 2.5 

from Ewart et al. {1968) may be used to calculate FeO% and Fe2O3% for the three flows studied. These 

values are included in the calculation of the viscosity of the liquid using the method of Shaw {1972). 

In addition, mean crystal width (Om) was calculated as the sum of A(x).Om(x), where A is the 

proportion of phenocryst (x) of size Om. The estimated log1()1'Jeff (effective viscosity) of the Panui, 

Pre-8 ka, and 8 ka flows respectively is 7. 70, 7.80, and 7.25 respectively using equation 4.13. Estimated 

temperature and viscosity profiles throughout the 8 ka flows is shown in Fig. 6.1 O. 

The thermal profile of the flow is constrained by the presence of a fused basal 8 ka airfall lapHli below 

the 8 ka flow, charcoal logs in the coarse-grained lapilli, microlites of greatest length in the upper and 

lower OBS excluding post-emplacement modification during isobaric crystallisation in the RHY. A 

temperature difference of about ooo°C is inferred in approximately the top 1 o m of the flow. A uniform 

central temperature of 950°C continues into the fused basal tuft, and a temperature difference of 650 

to 100°c occurs over 0.1 m to a volatile-rich lapilli with a temperature of 300°C based on the presence 

of charcoal logs (Maury, 1973, in Fisher and Schminke, 1984). 

The high Fe/(Si +Al), high alkali contents, and high Na2O + K2O/Al2O3 ratio tends to decrease 

polymerisation of viscous silicate melts (Schminke, 1974). For a peralkaline rhyolite at 950°C, the 

viscosity is 3 - 4 orders of magnitude lower than for a calc-alkaline magma at 750°C of comparable 

water content {0% water). Estimates of log10 viscosity for the 8 ka flow, Mayor Island and Ben Lomond 

are 7.4 and 11 respectively. However, if emplacement temperatures were comparable, the contribution 

of the more depolymerised peralkaline chemistry to the estimated viscosity would ~ea lowering of the 

viscosity by only one order of magnitude. Thus the greatest contribution to the viscosity difference is 

the elevated temperature (T [peralkaline lava] = T[calc-alkaline lava] + [150 - 200°C]) contributing 

at least 66% (2 orders of magnitude) to the viscosity decrease between both lava types. Water contents 

are two times lower than in the equivalent OBS layer of a calc-alkaline rhyolite. Cl has a lesser effect 
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Table 6.2. Cl concentrations for the representative fabrics of Mayor Island flows. Analyses were performed 
by S. Weaver, Geology Dept., University of Canterbury. 

sample unit [Cl] ppm 

Ska flow M9 FVP 1640 
M11 UOBS 1630 
M15 RHY 130 
M16 LOBS 1440 
M17 Ska lapilli 1720 

Pre-Ska flow M20 UOBS 1660 
M21 RHY 640 

Panui ~ UOBS 1900 
M4 RHY 850 

than F in decreasing the polymerisation of silicate melts (Kovalenko et al. 1989). Using Fig.7 from 

Dingwell et al. (1985), data for F and XSio2 (where X = mole fraction) was substitued for Mayor Island 

and Ben Lomond rhyolites . .l\fatemperature of 1000°c, the value of 6.27 compared to fluorine-free melts 

is 1.3 - 2. 7 times greater for Mayor Island. Although the influence of Fon the viscosity of Ben Lomond 

magma is 1.5 times more than for Mayor Island magmas, Mayor Island contains 2 - 4 times more F 

than Ben Lomond lavas. However, the most dramatic effects of fluorine addition occur in high-silica 

fluorine-rich anhydrous rhyolites (Dingwell et al. 1985; Congdon and Nash, 1988). 

For Mayor Island lavas, temperature, chemistry (major elements), H2O and F contribute in decreasing 

order of importance to the low viscosity of pantelleritic melts. 
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Fig. 6.10. Inferred temperature and viscosity profiles for the 8 ka flow. 
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6.6. Summary 

Major and trace element variations are more extreme for peralkaline lavas in contrast to calc-alkaline 

rhyolites. Thus the effects of high temperature and low temperature volatile migration may be better 

isolated. 

For Mayor Island flows, La, Ce, Y, Na20 and Cl variations are similar down flow profiles. For all these 

elements, little variation occurs between obsidian and finely vesicular pumice fabrics. Thus the mobility 

of these elements may be ascribed primarily to high-temperature migration of volatiles in response to 

crystallisation of the flow interior. Little significant variation occurs in Rb with a small depletion of 

approximately 5 ppm in pumiceous fabrics, possibly from rainwater metasomatism. Large enrich­

ments in Sr for the Panui and 8 ka flows, occur for those vesicular samples nearest sea level. Thus 

seawater metasomatism is responsible for Sr mobility. Although the profile for Ba matches the Sr 

profile for the 8 ka flow, Ba trends usually do not mimic Sr and hence sea water metasomatism as an 

agent of mobility, may be discounted. 

The more subtle trends for the calc-alkaline lavas of Ben Lomond can now be better interpreted. The 

depletion of Cl and slight loss of Na20 within the central rhyolite layer, is exclusively of a high 

temperature secondary origin. Y, Ce and La show no significant variation. Sea water metasomatism 

is not a contributing factor for Lomond lavas. Thus, the depletions of Sr and Rb, and enrichments of 

Ba, Zn and Zr that occur for both primary and secondary vesicular fabrics, may be either a low-tempera­

ture and/or a high-temperature phenomena. Variations between the finely vesicular pumice and 

obsidian fabrics of Mayor Island, are not significant for Sr or Ba. Thus for Ben Lomond, Ba and Sr 

variation is most likely from low temperature aqueous metasomatic effects. Large-scale variations in 

magmatic Ba (e.g. for Inyo domes) do not occur for Ben Lomond. Interpretations for low temperature 

as opposed to high temperature mobility is more ambiguous for Zn, Rb and Zr in increasing order. 

The high temperature, high alkali content, and thus low viscosity enables a spatter fed mode of 

emplacement. In addition, modification of microlite length via diffusion, aided by concentrated 

halogen-rich fluids was able to occur during and after flow emplacement. 
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CHAPTER 7. 

APPLICATIONS OF THE CALC-ALKALINE FLOW 
EMPLACEMENT MODEL - PAUANUI AND OKATAINA 

VOLCANIC CENTRE FLOWS. 

7.1. Introduction. 

In contrast to the young, uneroded carapaces of the Inyo domes, calc-alkaline rhyolite domes in New 

Zealand are poorly preserved. From detailed physical volcanological studies of the Ben Lomond dome 
' 

a well constrained emplacement model was assembled. Such a model may be applied and tested on 

two poorly outcropping rhyolites: Pauanui, an eroded dome complex of Miocene age; and flows of 

the Okataina Volcanic Centre of 19 - 5.5 ka age. 

The Pauanui lavas have a vegetated and dissected poorly preserved carapace, but coastal sections 

provide partial cross-sections through flow lobes. No fresh obsidian occurs at Pauanui and all flow 

units show varying degrees of devitrification. 

The Okataina Volcanic Centre lavas comprising the Haumingi flow (19,000 yrs B.P.), Waiti flow (7500 

yrs B.P.) and Haroharo dome (5500 yrs B.P.) (Nairn, 1981) are characterised by excellent areal 

exposures. Flow dimensions with the exception of thickness (h) are easily determined, as the flows 

have steep well defined flow fronts and carapace ridges that are concave toward the inferred vent and 

convex toward the flow toe (Nairn, 1981 ). Although fresh obsidians occur, outcrops are sparse and 

complete composite profiles through the entire thickness of the flows are unobtainable. 

7 .2. Pauanui. 

7.2.1. Previous work. 

Previous studies of the volcanic rocks at Pauanui have been few. Pauanui was mapped as a Minden 

Rhyolite by Schofield (1967), but misidentified as a hornblende dacite in Skinner (1979). Stevenson 

(1986) documented the geotechnical properties of the suite of pitchstone fabrics at Pauanui and 

attempted a preliminary interpretation of the rheology and emplacement of the rhyolite lavas. Selby 

et al. (1988) described the modelling of rock slopes and the relation of genesis of volcanic rocks with 

their physical properties and resulting landforms, including Pauanui as a case study example. Most 

recently, Stevenson and Hodder (in press), described the fabric controls on the strength of the Pauanui 

pitchstones. 

7.2.2. Setting. 

The Pauanui dome complex, Coromandel Volcanic Zone, is built up of a succession of flow units and 

lobes of Minden Rhyolite (approx 7 - 8 m.y. B.P.) from at least two vents. Coastal sections comprise 

cliffs and wave cut platforms through at least four flow lobes. Flow banding declinations are usually 

steep on the inland eroded upper surface of the dome and are usually orientated toward the inferred 

vent under the highest part of the dome (387 m) (Fig. 7.1). At the coastal sections (e.g. area P1), flow 
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banding orientations are shallowly dipping ( 20°) and have a curvilinear strike. This line of evidence 

together with air photograph interpretation, the curvilinear strike of the major joint set, and the presence 

of an unrelated epiclastic breccia at area P2, indicate the existence of an eroded flow lobe. Four flow 

lobes have been identified, radiating from the summit of Pauanui: P1 lobe (0.9 km length); P3 lobe 

(1.1 km length); Western Coulee (2 km length) and Storm Beach Coulee (1.5 km length). The P3 lobe 

comprises 4 flow units (Fig. 7.2), in which profiling was undertaken for density, porosity, clast aspect 

ratio and chemistry. 

lobe Pl (from airphoto is superimposed over lobe P3) 

foliations dip into edge of lobe at low angle 

steep dips toward inferred vent at trig on 
western lobe 
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Fig. 7.1. Flow banding and joint orientations, Pauanui and Ohui-Windy Ridge. 
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7.2.3. Physical profiling - flow lobe P3 

Coastal sections as cliffs and wave cut platforms provide a partially oblique cross-section through lobe 

P3 which is comprised of 4 flows, based on the following criteria: 
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a. the presence of a pyroclastic unit of airfall origin between flow 1 and 2; 

b. the existence of upper and basal autoclastic breccias for flows 1 - 3; 

c. variations in joint spacing with breaks between flows; 

d. fabric variations. 

In contrast to the Ben Lomond flow, no fresh unaltered obsidian and pumiceous fabrics are present. 

Flow 1 underlies a pyroclastic unit (Unit D). Above and below this marker bed are two autoclastic 

breccias occurring as the upper member of flow 1 and the lower unit of flow 2 respectively. The latter 

unit has clasts of high aspect ratio and is delineated by regular columnar joint blocks with annealed 

surfaces. 

Flow 3 comprises approximately 35 m of brown flow-lineated rhyolite with continuous columnar joints 

of moderate joint spacing throughout the flow unit. The base of flow 3 consists of a relict glassy 

selvedge broken into a matrix supported autoclastic breccia. The fabric of the clasts comprising the 

breccia is also identical to the upper breccia of flow 2. However the dry density of the latter is low and 

almost all joints are not continuous with the overlying flow 3. Hence on this basis, both are separate 

flows although flow 2 is very thin for a rhyolite lava being approximately 1 O m thick. As no clearly 

identified pyroclastic marker is present between flows 2 and 3, flow 3 is likely to have been emplaced 

shortly after flow 2. Flow 2 may have been remobilised by flow 3 during its emplacement in that the 

clasts of the upper breccia (unit H) are incorporated as part of the basal autoclastic breccia of the 

overlying flow, and that the contact between both units is gradational. In addition the basal breccia 

of flow 3 forms a southeastward thickening wedge grading from the glassy selvedge to the matrix- and 

clast-supported autobreccias (unit 12) of flow 3. 

The clast-supported breccia is made up of brown flow banded rhyolite exclusively from flow 3. 

Matrix-supported breccia pods with clasts of low aspect ratio occur throughout flow 3 and interrupt 

the foliated interior consisting of tight asymmetric and isoclinal flow folds. lnterlayered breccias with 

flow-aligned clasts, and flow banded zones typify the opper 15 m of flow 3. Flow band partings are 

usually steeply dipping, and are characterised by surface striations. 

Flow 4 lies above a 5 - 7 m gradational contact with flow 3 comprising interlayered foliated rhyolite and 

pitchstone. The outer portion of flow 4 is characterised by closely-spaced platy jointing enveloping the 

flow interior comprising joint columns with diamond-shaped or rhomb cross-sections (Stevenson, 

1986). 

The density and porosity profile (Fig. 7.3 a,b) separates flows 1 - 4 into discrete units with uniform 

central flow banded zones and lower density autoclastic breccias. Close sampling throughout the 

basal units of flow 2 (D - F), verifies the existence of sharp density changes at contacts best described 

as a step function. The pronounced low density zone between flows 1 and 2 correspond to the 

pyroclastic layer. Secondary pseudomorph cavities and perlitic fractures contribute to unit F (flow 2) 
• 'I /M, rt having a lower bulk density than the original inferred density of approximately 2.3, sImI ar to Aupper pa 

of unit E. 
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No pumiceous fabrics occur throughout the sequence and only a few primary voids occur in flow 3 

where primary flow banding deforms around vug outlines. The porosity of the densest units in flows 

1 - 3 is secondary and microscopic. The lowest porosity of approximately 0.2% in the densest 

pitchstone in flow 4 is due to microcracks of up to 5 mm length radiating around sparse phenocrysts 

(Stevenson and Hodder, in press.) 

Fig. 7.3c and d show the clast aspect ratio (Re) and strain analysis plots respectively of the autoclastic 

breccias in the P3 lobe section. 

The theoretical basis for interpretation of Fig. 7.3 is as follows. Flow banding is formed by plastic 

processes where separation occurs during flow of microlites and crystallites into discrete bands, which 

may have minute differences in water content, usually enhanced by post-flow devitrification. During 

late flow stages, plastic deformation into isoclinal and asymmetric flow folds is usually followed by 

brittle processes of boundinage, necking cracks and lozenge formation. Brittle fracture occurs in basal 

and upper flow zones, where rheological, thermal, and velocity gradients are the greatest. High aspect 

ratios (Re = 5 - 1 O) may result from two processes: 

tl.e, 
a. low overburden/shear stress ratios characteristic ofAthickness of upper breccias (e.g. upper flow 

1 and upper flow 3). 

b. high basal shear stresses together with increasing temperature toward the flow centre which may 

cause flattening of clasts and tapering of the clast edges (breccia of unit E, flow 2). 

Strain analysis diagrams clearly show no preferred clast orientation of the basal 12.1 breccia supporting 

the scenario of a thickening basal wedge, the incorporation of clasts from unit H and 11, avalanching 

down the margin of flow 2 while being overriden by flow 3. The ratio hb/h where h = flow thickness 

and hb is the thickness of the basal breccia, is smaller for basal breccias of flow 3 compared to the 

basal breccia of flow 2. This indicates sub-glass transition temperatures in a "dead-zone" unaffected 

by clast flow orientation. At the base of flow 2, rheomorphic modification from flow-induced friction 

under high basal shear stresses or high thermal gradients is typified by the upward increasing Re and 

Rs value between the lower and upper parts of unit E respectively. 

7.2.4. Pauanui petrography 

The phenocryst assemblage of Pauanui rhyolite comprises plagioclase + hypersthene ± augite + 

opaques, comprising between 5 - 10% of the rock mass. 

Flow banded fabrics predominate with hydrated glassy and more devitrified layers comprising flow 

aligned laths of plagioclase (50 µm long) as in flow 3, or differing densities of crystallites as in the 

pitchstones of flow 4. Necking structures (tensile-pinching of flow bands) occurs in the flow foliated 

centre of flow 2. Flow-induced rotation of the long axes of plagioclase phenocrysts is common. 

Symmetric folds have a wavelength to thickness ratio of less than 1 O within central flow folded parts 

of flows 2 and 3 and is typical of fluids with a power-law rheology (cf. Fink, 1984). Usually flow folds 

are disharmonic and tight asymmetric or isoclinal, suggesting a mobile thermally insulated flow interior 

of low viscosity with respect to the autobrecciated margins. 
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The fabrics of units F and '1 are composed of reddish-brown and greyish-brown hydrated glass 

respectively, characterised by spherulites of 5 - 9 mm diameter. Unit F shows three types of 

crystallite/spherulite associations. Crystallite strings deviating around spherulite margins indicate that 

spherulites formed prior to flow cessation. This particular association is rare. Crystallites radiating 

from spherulite nucleii suggest that both the crystallites and spherulites form contemporaneously. 

When crystallites appear as flow-aligned across spherulitic masses, the spherulites formed after the 

crystallites that delineate primary flow banding, after flow cessation. Many nucleii were present, but 

crystallite growth was arrested owing to slow diffusion of ions in a cooling margin of a viscous flow. 

Spherulite formation could occur over longer time intervals via slow metastable transition from glass 

to finely acicular needles of K feldspar and quartz. 

Unit E with its increasing density, clast aspect ratio and glass content upwards from the base and 

tapered clast morphology (within the uppermost 0.5 m), indicates a high thermal gradient, increasing 

temperature and an increasing likelihood of rheomorphic modification after brecciation. Thus units 

D-G represent a section where variations in the original flow rheology and temperature can be 

qualitatively assessed. 
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Pitchstone fabrics within flow 4 are more uniform than the fabric units of flows 1 - 3, largely consisting 

of a dull resinous, partly devitrified ground mass, with flow lineations comprising differing sizes, types 

and orientations of crystallites (Stevenson, 1986). The dense dark green pitchstone contains black 

lozenge-shaped clasts that are finely lineated, non devitrified and globulite-rich. 

7.2.5. An emplacement history for Pauanui. 

Phenocrysts formed in the magma chamber and were embayed via partial resorption on ascent. 

Plagioclase phenocrysts show oscillatory zoning supporting an interrupted magmatic ascent. Smaller 

plagioclase laths formed after the phenocrysts as they are flow-aligned into flow bands which deviate 

around phenocrysts. Further diffusion and crystal growth was limited, there being no significant 

variation in lath length (in flow 3) indicating crystallisation prior to emplacement. Crystallites formed 

over the greatest interval of time, as is evident from: 

a. globulite-rich zones around embayed plagioclase crystals indicating globulite formation during 

ascent; 

b. flow around early-formed spherulites just prior to flow cessation. 

The lack of microlites is either due to low undercooling on magmatic ascent or masking by isobaric 

crystallisation. 

Early formed spherulites are usually weakly birefringent, ovoid in shape and occur in clusters as 

compound spherulites. 

Convincing evidence of primary vesiculation in the form of pumiceous textures or gas blisters is lacking. 

However, vesiculation (primary voids) must have occurred during ascent and flow and contributed to 

the high viscosity of the brittle carapace. 

Matrix textures of breccias are finely comminuted with secondary crystallisation of quartz rimming 

some clasts. Secondary textures have thus obliterated primary textures. Breccia formation occurred 

during flow and at cessation. Those autoclasts with the highest aspect ratio are invariably flow-aligned 

and are inferred to have had a longer brecciation history, occurring within the upper portions of flows 

1 and 3. Clasts of low aspect ratio comprise irregular shaped pods that cut across the flow banded 

fabric of the interior of flow 3, and show no preferred flow alignment. Thus, these intraflow breccias 

formed at, or after, flow cessation. 

Devitrification textures were initiated at high temperatures above the softening point of glass (T g), 

evident from ovoid spherulites. Most ground mass devitrification textures however, were formed below 

the glass transition temperature. 

Flow 2 appears to be too thin to be a lava flow. Basal clasts have a high aspect ratio (with values 

increasing upwards from the base), and the interior has fluidal fold features. An alternative explanation 

for the origin of flow 2, is that it may be a rheomorphic tuft. Evidence for a particulate emplacement 

origin is obliterated by devitrification and hydration textures approaching the ''false pyroclastic" 

textures described by Allen (1989). 
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7.2.6. H20+ and temperature estimates 

Both LOI, from heating a tetraborate flux bead to 1000°C, and from heating powdered samples between 

105 - 1 ooo0 c in a furnace, give high values of 0.5 - 1.5%. 

These values indicate post-emplacement hydration of the original glass. Supportive evidence includes 

variations in the colour of the glass from mauve and brown to dark greyish-green, and curvilinear 

perlitic fractures in some units. 

LOI was determined on powdered samples heated from 500°C to 1 ooo0 c, on representatives of all 

four flows, comprising area P3 and flow lobe P1 (Table 7.1 ). The value for the dark green pitchstone 

(0.15%) compares favourably with the value for total water (0.173%) determined by Karl-Fischer 

titration (Westrich writt. comm., 1989). The maximum water loss on step-wise pyrolysis occurred at 

400°C over temperature range of 100 - 700°C, in contrast to the sharp mass loss peak at 500°c for 

fresh non-hydrated obsidian. 

Table 7.1. Loss on ignition (LOI) and estimated H20 + as LOI(500-1000°C) for Pauanui rhyolites. 

sample rock type LOI(%) LOI (500 - 1000 C) (%) 

P1a dacite 1.85 0.293 
P1b rhyolite 1.02 0.157 
P3A1(1) red pitchstone 0.80 0.186 
P3 A1 (2) . 0.197 
P3 F2 spherulitic rhyolite 2.02 0.214 
P3I1 spherulitic rhyolite 1.28 0.219 
P3I4 flow banded rhyolite n.d. 0.238 
P4 dark green pitchstone n.d. 0.149 

Values of 0.15% to 0.22% are greater than those typical of obsidians (0.1 %), and are representative of 

the eruptive water content of the lava together with a significant component from post-flow hydration. 

The co-existence of hypersthene and augite (anhydrous minerals) with plagioclase indicate their 

crystallisation in a magma with an average temperature of 860°C and an average water content of 

2.5% at 200 kbar pressures (Naney, 1983, Fig. 7.4). 

7.2.7. Pauanui chemistry and inferred viscosity 

Major element oxides and trace elements were analysed for twenty-four Pauanui samples, of which 

seventeen were from the composite flow section of lobe P3. Of the remaining seven analyses 

representing other Pauanui rhyolites, two were from lobe P1. The aim was to seek evidence of 

interdome variation (e.g. Pauanui vs Ohui - Windy Ridge), interflow and intraflow differences. Major 

and trace elements are tabulated in Table 7.2. 
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Fig. 7.4. T / H2O phase diagram for a synthetic granite at 200 MPa pressure (after Naney, 1983). The 
shaded area represents the T / H2O conditions under which the Pauanui phenocryst assemblage is stable. 

Chemical variation is minimal throughout the Pauanui - Ohui region, with the exception of flow lobe 

P1. The basal part of lobe P1 is dacitic {69% SiO2) comprising dark dense bands (density of 2.57 

g/cm3) with 13. 7% phenocrysts of 0. 7 mm average diameter, inter1ayered with pale pink rhyolitic bands 

(73% SiO2, ¢ = 7%, Om = 0.5 mm). Thus during the emplacement of the P1 lobe, co-mingling of two 

magmas occurred. 

For the composite flow sequence (Fig 7.5) true intraflow variation appears random with little com­

parison of trends between like elements. Unlike Ben Lomond or Mayor Island, there is no fresh 

non-hydrated or non-devitrified glass as a benchmark for comparison within the flow as representative 

of the original liquid. Zig-zag trends may only indicate migration of trace elements during devitrification 

and low temperature hydration superimposed on the subtle chemical differences between flows. 
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Table 7.2. Major (a) and trace element (b) geochemistry for Pauanui rhyolites. Major elements (wt%) 
are tabulated on a volatile-free basis with the total and LOI tabulated as original analytical values(•). Total 
FeO + Fe2O3 is expressed as Fe2O3t. Trace elements (ppm) are tabulated as the mean ± 2 standard 
errors. Duplicate pellets were made for each sample giving four measurements of trace element 
concentration per sample. n.d. = not detected. Analyses 1-24 are listed below with sample description, 
fabric unit, sample site and Waikato University number. 

1 rhyolite, Western Coulee, (s7)Pauanui (WT. 26859). 
2 rhyolite, Western Coulee,(s8), Pauanui (WT.26860) 
3 rhyolite, Trig Road (s15), Pauanui (WT. 26861). 
4 rhyolite, Windy Ridge (s18) (WT. 26862) 
5 rhyolite, Ohui (s46) (WT. 26863). 
6 dacite, lobe Pl, Pauanui (WT. 26864). 
7 rhyolite, lobe Pl, Pauanui (WT. 26865). 
8 rhyolite (grey pitchstone), flow 1 (P3tT) Pauanui (WT. 26866). 
9 red pitchstone, flow l(P3), Pauanui (WT. 26867). 
10 autobrecciated rhyolite, upper flow l(P3), Pauanui (WT. 26868). 
11 autobrecciated rhyolite lower unit E, basal flow 2 (P3) Pauanui, (WT. 26869). 
12 autobrecciated rhyolite, upper unit E, basal flow 2 (P3) Pauanui (WT. 26870). 
13 spherulitic rhyolite, unit F, flow 2 (P3) Pauanui (WT.26871). 
14 flow banded rhyolite, unit G, flow 2 (P3) Pauanui (WT. 26872). 
15 autobrecciated rhyolite, unit H, flow 2 (P3) Pauanui (WT. 26873). 
16 dark grey glassy spherulitic rhyolite, unit h (basal flow 3, P3) Pauanui (WT. 26874). 
17 matrix-supported autobrecciated rhyolite (unit h.1) flow 3 (P3) Pauanui (Wf. 26875). 
18 clast-supported autobrecciated rhyolite (unit I2.2) flow 3(P3) Pauanui (WT. 26876). 
19 flow banded rhyolite (unit I4) flow 3 (P3) Pauanui (WT. 26877). 
20 autobrecciated rhyolite (unit Is) flow 3(P3) Pauanui (WT. 26878). 
21 rhyolite/brown pitchstone (flow 3/4 boundary, P3) Pauanui (WT. 26879). 
22 brown pitchstone, flow 4, (P3) Pauanui (WT. 26880). 
23 grey pitchstone, flow 4, (P3) Pauanui (WT. 26881). 
24 dark green pitchstone, flow 4, (P3) Pauanui (WT. 26882). 



2 • 5 6 7 8 9 10 11 12 

502 1•.os 1•.22 7•.59 7•.26 73.93 69.07 73.6• 73 . .W 73.50 73.52 73.59 73.63 
T'°2 0.35 0.35 0.35 035 0.3. 0.50 0.3• 0.35 0.36 0.36 0.37 0.37 

AIP.3 13.87 15.18 , •. 18 1•.28 13.93 15.24 13.82 1•.11 U.34 1•.30 1•.69 1•.57 
Fo20:Jt 2.59 2.56 2.36 2.•6 2.19 •. 60 2.82 2.46 2.62 2.55 2.54 2.•7 
MnO 0.03 0.03 0.03 0.04 0.05 0.04 0.03 0.03 0.07 0.03 0.06 0.04 
MgO 0.28 0.23 0.21 0.22 0.39 0.96 0 34 0.31 0.33 0.35 0.27 0.26 
eao 1.64 1.17 , .. 1 48 1 87 3.19 1.84 2.01 1.70 1.79 1.54 1.71 
NazO 4_1, 3.26 3.84 3 80 4.24 3.91 4.12 4.35 4.15 4.22 3.88 4,, 

KzO 3.02 2.97 2.97 3.08 2.94 2.43 2 98 2.87 2.89 2.84 3.05 2.81 

Pz05 0.02 0.02 0.02 0.03 0.06 0.08 0.05 0.07 0.04 0.03 0.02 0.03 

Total' 99.76 99.20 gg_ .. 99.27 99.60 99.64 99.62 99.80 99.81 99.94 99.20 99 .• 9 
LOI" 1.44 2.50 1.26 1.30 0.60 1.85 1.02 0.59 0.80 0.94 1.46 1.10 

13 15 16 17 18 20 21 22 23 2• 

502 73.75 73.68 73.75 73.70 73.87 73.•o 73.54 73.46 73.36 73.17 

T,OZ 0.37 0.38 0.37 0.37 0.36 0.38 0.36 0.35 0.35 0.35 

A120:J 14.49 1•.as 1•.•7 1•.72 14.45 15.15 14.19 1•.19 14.16 14.10 

Fo20:Jt 2.46 2.63 2 . .W 2.61 2.•3 2.70 2.51 2.50 2.33 2.51 
MnO 0.02 0.05 0.02 0.03 0.02 0.08 o.a. o.a. 0.05 0.06 
MgO 0.20 0.26 0.32 0.38 0.32 0.39 0.25 0.31 0.22 0.33 
cao 1.66 1.40 1,67 1.52 1.71 i.•o 1.88 1.94 1.98 1.99 
NazO 4.06 3.76 •. 07 3.79 4.03 3.60 •. 26 4.29 4.56 4.52 

KzO 2.94 2.99 2.89 2.85 2.78 2.89 2.91 2.84 2.89 2.88 

Pz05 0.03 0.02 0.03 0.02 0.02 0.02 0.05 0.07 0.08 0.09 

To1a1• 100.17 99.77 99.98 99.84 99.28 99.76 100.04 99.94 99.97 99.91 
LOI" 2.02 2.00 1.28 1.56 1.22 2.20 0.79 0.69 0.45 0.20 

2 3 • s 6 7 8 9 10 11 12 

Sc 8.2 ± 0.5 6.9:t0.7 7.9 ± 0.3 8.0 ± 0.9 7.51 0.4 15.0 :t 0.5 8.7 ± 0.9 7.9 ± 0.6 7.8 ± 0.7 8.3 ± 0.6 8.3 ± 0.8 8.4 ± 0.2 
V 14.4± 1.6 12.0 ± 1.0 12.9 :t 0.7 12.8 ± 0.9 13.8±0.7 67.6 :t 1.3 19.9 :t 0.7 13.7:t0.6 14.S: 0.7 14.3:t0.2 15.8 :t 0.6 14.S ± 1.1 
C, 3.2 :t ~ 1 1.9:t 0.8 1.8 :t 1.0 1.31 0.7 1.9:t 0.2 36.4± 0.4 4.5 ± 0.6 1.8:t 0.2 1.2 2.4 ± 0.4 1.3 ± 0.4 2.0 ± 0.2 
Ni 1.2 ± 0. 4.4 ± 0.3 2.8±0.1 2.7 ± 0.2 2.3 ± 0.6 7.1 ± 0.1 2.5 ± 0.4 0.5±.1.1 3.5 :t 0.8 0.9 :t 0.4 7.2±0.3 0.8 ± 0.2 
CIJ 7.7± 1.1 9.0:t 1.7 6.6± 0.5 9.4 ± 3.6 6.8 ± 0.6 17.8 ± 0.5 9.3± 1.6 7.5± 1.4 7.9±3.7 7.6 ± 2.7 7.3 ± 0.5 5.9 ± 0.7 
Zn 46.1 ± 0.4 ..:,,· 9 !: 1.0 55 .• ± 0.7 55.0 :t 2.4 56.4 ± 0.4 68.8 ± 0.5 56.7±0.7 55.6 ± 1.0 59.9 ± 1.4 60.2 ± 1.6 56.1 ± 0.6 56.5± 0.4 
Ga 14.~± i.1 15.;, i 0.8 15.01 0.4 15.4 ± 0.7 14.7 :t 0.9 15.5 ± 0.7 15.7 ± 0.9 15.6± 0.7 15.7±0.4 16.2± 0.1 16.2 ± 0.4 15.6± 0.4 
As 2.6 ± 0.4 3.110.6 2.4 ± 0.1 2.5± 0.2 2.6 ± 0.4 2.9 ± 0.5 3.6± 0.3 2.310.2 3.2 ± 0.3 3.9 ± 0.3 4.3±0.6 3.8 ± 0.2 
R, 99.9 ± 1.2 104.8±0.9 103.2±0.3 109.7 ± 0.3 ll0.4 :t 0.5 87.2 ± 0.8 100 .• ± 0.6 99.2 ± o.• 102.5 ± 0.2 99.2±0.4 103.2 ± 0.7 99.5 ± o.• 
Sr 120.3 ± 0.7 100.9±0.8 111.2±0 .• 125.5 ± 0.3 131.2 ± 0.2 172 .• ± 0.8 129.3 ± 1.0 143.8 ± 0.8 126.8 ± 0.7 133.1 ± 0.6 125.1 ±0.4 128.1 ± 0.3 
y 30.9 ± 0.3 24.7 ± o.• 78.6 :t 0.7 32.1 ± 0.7 31.9 ± 0.2 35.2 ± 0.6 27 .• ± 0.2 35.3 ± 0.6 28.1 ± 0.8 28.5 ± 0.3 24.4± 0.6 22.21 o.• 
z, 188.9 ± 0.7 197 .• ± 1.7 192.0± 1.0 191.3±0.9 189.6 ± 0.5 154.5 ± 0.3 182.9 ± 0.3 185.9 ± 4.6 189.5 ± 2.3 185.2± 2.4 186.• :t 0.5 187.7± 1.6 
N, 6.3 ± 0.6 6.8± 1.0 7.0± 0.9 e.•10.6 6.3± o.• 5.7 ± ,.. 6.8 :t 0.1 6.5 ± 0.5 7.2±0.1 6.9 ± 0.2 6.1 ± 0.4 5.6 ± 0.6 
Ba 62 •. 4 ± 1.6 618.0 ± 3.0 643.0 ± •.• 711.6 ± 3.9 645.5±3.7 546.2 :t 2.3 637.8 ± 2.7 604.6 ± 2.5 621.9 ± 16.6 596.1 ± 8.6 625.2 ± 2.5 596.0± 4.1 
La 17.6 ± 0.5 24.5 ± 0.9 67.9 ± 1.3 59.9 ± 0.9 18.9±0 .• 20.9± 1.1 16 .• ±0.6 20.3± 0.4 1•.6±0.9 21.7 ± 0.5 17.2 ± 0.6 13.3±0.9 
C. 35.7 ± 0.9 31.8 ± 1.0 H.7 ±0.5 46.7± 1.8 .w.o ± 2.0 37.2 ± 2.0 34.2±2.1 35.3± 1.6 37.1 ± 0.9 32.8 ± 2.0 39.0± 0.7 32.9±2.1 
Pb 14.0 ± 0.5 13.9 ± 0.6 16.5 ± 0.9 13.3±0.7 15.2 ± 0.5 12.8 ± 0.9 12.5 ± 0.3 13.9± 0.3 1•.31 0.7 13.1 ±0.9 11.1 ±0.7 12.3± 0.4 
Th 11.7 ± 0.3 12.5 ± 0.5 12.3 ± 1.2 11.9±0.3 12.1 ± o.• 10.2 ± 0.7 11.6± 0.5 11.3:t0.6 11.5 ± o.• 10.9 ± 0.6 11 .• :t0.5 10.9 ± 0.6 
u 2.9 ± 0.5 2.7 ± 0.2 2.5 :t 0.3 2.9± 0.3 3.0± 0.5 1.9:t0.2 2.6± 0.3 2.8 ± 0.2 2.8:t 0.3 2.7:t 0.4 2.6 ± 0.4 2.7±0.7 

13 14 15 16 17 18 19 20 21 22 23 24 

Sc 8.0± 0.6 8.3 ± 0.9 8.3:t 0.5 8.• ± o.7 8.0± 1.0 7.9± 1.• 8.8 ± 0.7 8.3 ± 0.4 8.2:t 0.6 8.1 ±0.7 8.2:t 0.8 8.2 ± 0.3 
V 15.5 ± 0.2 14.4:t0.5 15.3:t 0.7 1•.610.3 14.6:t 1.0 1•.7:t 0.6 U.7 :to.• 15.9:t 0.3 15 1 :t 0.7 13.9±0.6 14.3 ± 0.7 13.9 ± 0.2 
C, 2.6 ± 0.1 1.4 :t 0.1 1.5:t 0.8 2.5:t 0.4 1.8:t 0.3 1.2 :t 0.1 1.6± 0.2 1.1 ± 0.4 2.0:t 0.2 1.1 :t 0.2 1.6 :t 0.5 1.0±0.3 
Ni 0.5 :t 0.4 0.5:t0.4 0.8 :t 0.5 2.4:t 0.1 0.2:t 0.4 0.2:t0.3 5.5:t 0.2 3.6± 0.3 0.2 :t 0.3 0.2± 0.1 0.5 ± 0.3 1.1 ±0.3 
OJ 7.6 ± 0.9 7.1 ± 1.8 7.3:t 1.9 6.7:t 1.7 5.7:t 0.6 •. 9 ± 0.2 5.1 :t0.2 5.5 ± 0.5 5.1 ± 0.5 5.6± 0.9 7.1 ±2.4 5.1 ± 0.5 
Zn 59.9 ± o.• 56.2 ± 0.9 64.0 :t 0.6 59.7 :t 0.8 62.2 :t 0.7 61.2±0.1 54.9 ± 0.3 56.3 ± 0.5 •9.2 1 o.• 52.6 ± 0.3 50.7 :t 2.3 56.6 :t 0.6 
Ga 16.0 :t 0.4 15.8 ± 0.3 16.5 :t0.9 15.9±0.3 15.8 :t 0.3 15.9 ± 0.4 15.6± 0.6 16.3 ± 0.2 15.8± 0.4 15.4 ± 0.3 16.2 ± 0.7 15.5:t 0.1 
As 3.7 ± 0.2 2.7± o.• 1.7± 0.7 3.2 ± 0.4 3.4:t 0.4 3.3:t 0.4 3.4±0.1 4.0± 0.2 3.7:t 0.3 4.4 ± 0.4 2.3 ± 0.5 3.0 ± 0.5 
R, 101.4 :t 1.1 102.5 ± 0.6 104.1 ± 0.4 100.4 ± 0.9 100.3± 0.5 98.5 ± 0.4 100.6 i 0.1 99.0 :t 0.2 100.7 i 0.6 98.0:t 0.3 99.S :t 0.4 99.6 ± 0.4 
Sr 129.3 :t 1.65 129.3:t0.S 120.0±0.8 120.0 i 0.8 120.2:t 0.7 131.0 ± 0.6 127.8± 1.03118 .• ±0.6 139.6 ± 0.7 1.W.9 ±0.S 140.2 ± 0.5 141.9± 0.9 
y 23.1 ± 0.4 19.1 ± 0.9 24.6 ± 0.3 31.0:t 0.2 20.S ± 0.7 25.7 :t 0.7 25.2 ± 0.6 21.8 ±0.5 29.4 ± 0.2 29.6 ± 0.3 25.2 ± 0.6 30.3:t 1.0 
z, 188.1 ±0.6 184.2± 1.3 183.8±1.1 186.8± 1.4 186.6:t 0.2 185.3 ± 0.4 188.9 :t 1.8 190.3± 0.6 185.4 :t 1.7 182.4 ± 0.5 185.2 ± 0.6, 182.9 ± 0.6 
N, 6.9 ± 0.8 6.6± 0.6 6.3 ± 0.4 6.5 ± 0.6 6.3± 0.6 6.3 ± 0.9 6.7 ± 0.5 6.5± 1.1 6.9 ± 0.7 6 .• ± 0.3 6.5 ± 0.2 5.9 ± 0.4 
Ba 602.3 ± 4.4 615.1 ± 1.9 622.7±0.6 602 .• ± 1.6 598.1 ±2.1 601.8 ± 0.4 633.6 ± 3.0 642.7 ± 2.4 618.0 ± 10 630.9± 1.4 620.2 ± 2.5 622.4 ± 4.4 
La 16.5 ± 0.4 14.8 ± 0.2 15.9±0.7 17.2 ± 0.5 16.2 ± 0.7 22.3 ± 0.7 16.4:t 1.2 1•.3 ± 0.9 25.2 ± 0.3 18.6 ± 0.4 15.9 ± 0.2 18.1 ± 0.7 
C. 30.8 ± 1.1 36.1 ±0.6 33.8 ± 1.1 33.4 ± 1.8 26.9± 0.4 27.0 ± 0.8 31.8± , .• 31.6 ± 0.5 •o.7 ± 2.0 38.6± 0.9 38.1 ± 0.8 •0.2 ± 0.7 
Pb 14.0 ± 0.9 13.3 ± 0.3 1•.2 :t0.5 14.5± 1.2 15.6± 0.5 14.0± 1.0 12.1 ± 0.6 14.1 ± 0.7 14.7± 0.8 14.1 ±0.8 14.6 ± 0.8 13.7 :t 0.8 
Th 12.0 ± 0.5 10.8 :t 4.• 11.1± 0.5 11.7± 0.6 11.0 ± 0.2 11.3 ±0.4 11.7± 0.7 11.4 ± 0.9 11.6 ± 0.5 11.2± 0.6 11.0± 0.5 11.2 :t 0.7 
u 2.4 ± 0.6 2.1 ± 0.5 2.5± 0.3 2.4 ± 0.4 2.7 :t 0.5 2.9±0.5 2.6 ± 0.4 3.0± 0.1 2.7 :t 0.3 2.6 ± 0.2 2.4±0.5 2.7 ± 0.6 
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The viscosity of the Pauanui lavas calculated by the method of Shaw (1972), Shaw (1965), and Murase 

et al. (1984) for effective viscosity including suspended crystals, is summarised in Table 7.3. There 

seems to be no relation between lobe length and viscosity of the liquid plus suspended crystals, 

indicating that the effusion rate or volume of the emplacing lava was the major contributing factor to 

the variations in flow length. 

Table 7.3. Viscosity results, Pauanui. For each sample, the first value for effective viscosity (1Je) represents 
the method of Shaw (1965) (equation 4.11) and the second, Murase et al. (1984) (equation 4.13). 

T =820 C T=860C T = 900G T=940C T = 960G 

log 10 Tl 110 110 110 lle 110 110 110 T1e 110 T10 
P1a 8.80 9.02 8.31 8.53 7.86 8.07 7.43 7.65 7.23 7.44 

8.96 8.48 8.02 7.59 7.39 
P1b 9.93 10.04 9.39 9.50 8.89 9.00 8.42 8.54 8.20 8.31 

9.98 9.45 8.95 8.48 8.26 
P3A1 flow 1 9.94 10.06 9.41 9.52 8.90 9.02 8.44 8.55 8.21 8.33 

9.99 9.46 8.96 8.49 8.27 
Eu flow 2 10.03 10.11 9.49 9.57 8.98 9.06 8.50 8.59 8.29 8.37 

10.06 9.52 9.01 8.54 8.32 
I flow 3 9.93 10.02 9.32 9.48 8.89 8.98 8.42 8.51 8.20 8.29 

9.96 9.42 8.92 8.46 8.23 
P3 flow 4 9.85 9.96 9.32 9.42 8.82 8.93 8.36 8.46 8.14 8.24 

9.90 9.37 8.87 8.41 8.19 

The co-mingling of rhyolite and dacite magmas near the base of the P1 lobe is manifest in the 

interlayered dark crystal-rich and light crystal-poor zones. The difference in viscosity between the 

layers is approximately one order of magnitude. No lozenge or pinchout structures typical of the 

co-mingling of immiscible magmas and generation of hybrid textures as at South Deadman Creek 

Dome, Long Valley Caldera, northern California, were observed at Pauanui. 

7 .3. The Rheology of the Okataina Volcanic Centre Flows. 

7.3.1. Introduction 

Although the flows and domes of the Okataina Volcanic Centre are the youngest of the four major 

rhyolite eruptive centres of the Tau po Volcanic Zone (Nairn, 1981 ). and have excellent areal exposures, 

flow outcrops are sparse. However in light of the model from the older, dissected and comparatively 

better exposed Ben Lomond flow, insights into the flow behaviour can be determined. In addition, 

contrasts can be made between the different methods of estimating viscosity. 
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Table 7.4. Exposure of flow stratigraphic units, Okataina Volcanic Centre. 

flow I dome FVP CVP UOBS A-N LOBS 

Haumingi f. * * * * 
Waiti f. * * * 
Te Koutu f. * 
Parewhaite d. * * 
Haroharo d. * 
Rotokohu d. * 
Okataina f. * !f 

Kaipara f. * h 
Hanini d. * * V 
Hanini f. * * 
Makatiti f I d. * *e 
Tapahoro d. * 

e = explosion pits 
* = outcrop 

V = vesiculated 
h = hydrothermally altered - = no outcrop;not observed 

or obscured. 

CVP = lov density foam vith void shapes unlike the CVP of Fink and Manley ( 1987) 

Table 7.5. Physical properties Okataina Volcanic Centre flows: Haurningi, Waiti, Haroharo and Rotokohu 
rhyolites. 

flow site fabric n density porosity void size Av 
(p) g/cm3 (mm) 

Haumingi flow as CVP 4 0.65 ± 0.01 70.81 ± 0.44 
s5 OBS clasts 4 2.33 ± 0.004 

s19 vesic. OBS clas1s 4 1.0710.12 53.21 ± 5.00 5 1.85 ± 0.35 
s19 OBS clasts 4 2.33 ± 0.01 
s20 CVP 5 0.84 ± 0.05 61.85 ± 2.33 1.33 ± 0.42 1.85 ± 0.57 

0.07 ± 0.03 14.60 ± 6.71 
s20 CVP 5 0.62 ± 0.10 71.90 ± 4.20 
s18 OBS 6 2.20 ± 0.06 3.88 ± 2.50 - 10 (average) 3.03± 0.75 
s21 FVP 0.07 ± 0.05 13.14 ± 6.8 

Waiti flow s29 OBS 3 2.28 ± 0.02 0.84 ± 0.85 
s31 FVP 1 2.05 10.75 
s32 FVP 4 . 1 .94 ± 0.41 16.96 ± 6.52 
s36 FVP 10 2.00 ± 0.08 12.81 ± 3.58 0.13 ± 0.06 
s36 (CVP) 4 0.66 ± 0.03 71.19± 1.36 
s37 FVP 4 1.26 ± 0.03 44.88± 1.51 

Haroharo dome s30 FVP 5 1.25 ± 0.03 45.94 ± 1.03 
s38 FVP 5 1.87±0.12 19.32 ± 5.63 0.03 ± 0.02 

Rotokohu dome 542 FVP 5 1.98 ± 0.05 14.83 ± 1.99 0.02 ± 0.01 

7.3.2. Flow stratigraphy and petrofabrics; description and interpretations. 

The general flow stratigraphy of the Okataina Volcanic Centre flows is summarised in Table 7.4. Of 

the Okataina Volcanic Centre Flows, the Haumingi and Waiti flows were studied in most detail. 

Available exposures are interpreted in Fig 7.6 in terms of a flow stratigraphy model developed for Ben 

Lomond. Physical properties are described in Table 7.5. 

The finely vesicular pumice is brecciated with steeply dipping flow banding (e.g. 026/68°W at s21 ). 

Road cut sections bisect ridges interpreted as pressure ribs in the carapace, and are draped with airfall 
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tephra. As the flow surface cooled, the top of the flow locally contracted and extended and was thrown 

into a series of folds, corresponding with surface ridges convex in a down-flow direction. 

Parts of the carapace contain dense obsidian blocks, and foamy obsidian indicating late phase inflation 

of voids from volatile migration from within the crystallising flow centre. The H20 + value for the foam 

is more than 0.3%, comprising interconnecting voids of approximately 5 mm size, akin to the coarsely 

vesicular pumice of Fin!< and Manley {1987}. However, void shapes are less variable than the coarsely 

vesicular pumice of Obsidian Dome. The volatile-rich zone model above is supported by the following 

textural evidence: 

a. domains or zones of inflation occur (eg. s.20}; 

b. clasts have void septa perpendicular to flow banding or cooling surfaces. 

The latter indicates effervescence on release of overburden confining pressures such as during tension 

crack propagation. On the Makatiti flow three explosion pits ( 30 m deep} occur with associated 

deposits comprising monolithologic ash, lapilli, and block breccia, with pumiceous and glassy blocks 

attaining 1 m diameter (Nairn 1981}. According to Nairn, {1981} all Makatiti pits occur in valleys 

between flow ridges, suggesting that pit-forming explosions originated by the concentration of 

infiltrating surface water onto underlying hot lava. In contrast, the outcrop at s20 on the Haumingi 

flow, comprising coarsely vesicular glassy foam, bisects a flow ridge and is inferred to be associated 

with the migration and collection of volatiles late in the flow history. 

On the flow margin, the FVP avalanched down the flow front exposing the underlying OBS layer. Blocks 

of FVP, OBS and RHY occur in the talus apron below large rib-like outcrops of obsidian which wrap 

around the central devitrified core of rhyolite. Such a core is exposed at Lake Rotoatua {s63} where 

an explosion crater excavated a notch in the flow margin. The central rhyolite is finely spherulitic and 

massive with widely spaced shrinkage joints. The obsidian ribs of s18 have steeply Inclined flow 

banding (138/72°SW) with pockets of primary vesiculation (Av = 3, with void long axes of approximate­

ly 75 mm in length}, that distort the primary flow banding, and is typified by thin septa perpendicular 

to flow banding and cooling surfaces (Fig. 7. 7a}. Similar textures have been seen at the Panum dome, 

northern California (Fig. 7. 7b} where vesiculation of volatile-rich flow layers occurred on sudden 

removal of overburden, during the overturning and opening of tension cracks within the upper flow 

stratigraphy. Avalanches of carapace debris on the flow margin during late-flow phase could account 

for the formation of the vesiculation textures at s1 8. Surfaces within the OBS layer of both the Haumingi 

and Waiti flows have striations and cracks that dissect a thin pale greyish orange skin. Crack 

propagation and the removal of overburden stresses would cause the release of gases, resulting in 

the oxidation and sudden cooling of the surficial skin. Tensile fracture of the cool block surfaces by 

more fluid thermally insulated lava results in the widening of the central portions of the crack segments. 

7.3.3. Water content and temperature 

The petrography of the Okataina Volcanic Centre lavas has been well documented (Ewart and Healy. 

1965; Ewart, 1967; Ewart et al. 1971; Ewart et al. 1975} comprising an assemblage of plagioclase, 

quartz, cummingtonite, hypersthene and magnetite. 
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a 

s18 Haumingi flow 

/. 
Vesiculated units characterised by glassy septa between vesicles normal to original cooling surface. 

location of above sketch on flow front outcrops. 
\ 

{Er 
- outcrops largely obscured by scrub. 

Panum dome, Mono Craters northern California; vesiculated zones and boudinage. Void long axes are 
perpendicular to flow layers as at s18. 

Fig. 7.7. Vesiculation textures: Haumingi flow (a); versus Panum dome, Mono Craters, northern California 
(b). 
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Mineral pair geothermometry of lavas using Fe-Ti oxides, gives closure equilibrium temperatures of 

730 - 780°C (Ewart et al. 1971 ; 1975). The original volatile content of the lava during emplacement is 

best approximated as LOI between 500 - 1 ooo°C. Heating over this interval releases water bound 

within silanol groups comprising the glass polymers (Eichelberger and Westrich, 1981). Estimated 

H2O+ from LOl(500 - 1000°C) is approximately 0.2% and is typical of obsidians. Experiments in a 

synthetic system (Naney, 1983) similar to the OVC magmas show the dependence of liquidus 

temperature and amphibole stability on water content at 2 and a kbars. Amphibole minerals become 

stable at water contents of 3 - 4 wt%. Hence there must have been a significant degassing(~ H2o 
= 4 % ) between the chamber and the surface. In contrast for Pauanui the ~ H2O between the chamber 

and surface is inferred to be approximately 2.5 wt%. 

7.3.4. Estimation of rheological parameters 

Table 7.6a lists the inferred viscosity of the liquid (7/o) and effective viscosity (7/e) of the Haumingi flow, 

Waiti flow and Haroharo dome. The overlapping lobes building the Haroharo dome have a marginally 

larger ¢ and Om value than the preceding Waiti flow, but the same order of magnitude of viscosity. 

This indicates that the dome-flow dichotomy is not due to a greater crystallinity contributing to a more 

viscous lava, as both ¢ and 7/e are roughly similar. 

Table 7.6b lists other parameters measured from airphotosand topographic maps. Although outcrops 

are sparse, the clearly defined flow morphology allows other methods of estimating rheological 

parameters to be attempted. Such methods (such as those in Hulme, 1974) cannot be employed for 

Pauanui or Mayor Island where identification of levees, ridges and channels is difficult owing to lack 

of areal exposure. 

Table 7.6a. Inferred viscosity of the liquid (7Jo) and suspension (r,e, ) for the Okataina Volcanic Centre 
flows - Haumingi, Waiti and Haroharo. 

flow H;?()"'(%) T(CJ ♦ (%) Om(mm) log 'l 0 log 'l • (1) log 'l • (2) 

Haumf'lOi 0.18 no 6.9 0.306 11.09 11.20 11.1 

Warti 0.12 740 9.7 0.426 11.55 11.70 11.62 

Haroharo (0 16 • 0.20) (730- 740) 10 1 0.499 11.71 11.86 11.79 

'?e( 1) ts calculated from equatton 4.11 and,e(2) from equatton 4.13. 

Table 7.6b. Flow morphological parameters for the Haumingi, Waiti and Haroharo flows. 

flow length thickness aspect ratio basal slope average wict:.r, yield strength 

l(m) h(m) Uh .. Y (X 10 3 Pa) 

Haumng1 6780 120 -150 48.4 5.6 3166 245.5 

Wart1 5000 150 33.6 5.5 2922 318.9 

Haroharo 2670 130 20.6 4.5 2266 109.2 

Yield strength is calculated using equation 4.1. However, the equation for effusion rate (F) (equation 

4.4), gives 14 m3/s for Waiti flow. When substituted into equation 4.6 for viscosity, a value of 

approximately 2x1012 poise is obtained. This may be considered an upper limit for viscosity as Fis 

calculated from the dimensionless Graetz number (Gz) related to the cooling of a warm fluid moving 

through a cold pipe (Hulme and Fielder, 1977; Zimbelman, 1985). Such a method is thus more 

applicable to tube-fed basalt flows. 
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Alternative means of estimating Fare as follows. Firstly, the velocity of a moving lava may be estimated 

by using the Jeffery's equation for laminar flow of an extensive sheet on a uniform slope: 

v = p g sin0 h2 / 3 7/ (7.1) 

where p = density, g = gravitational acceleration, 

0 = basal flow slope, h = flow thickness and 

TJ = viscosity. 

Velocity v (m/s) may be solved for Waiti by substituting 7/ = 5.25 x 1 o 11 poise, calculated independently 

via equation 4. 7 (Shaw, 1972), and equation 4.13(Murase et al. 1984). The Jeffrey's equation assumes 

a Newtonian rheology. The use of this equation as an estimate of viscosity yields only crude values 

as it takes no account of the fact that most of the velocity gradient in lavas may be in a relatively thin 

basal layer and that viscosity can vary between the base, interior and crust of the flow (McBirney and 

Murase, 1984). The flow velocity for Waiti is 0.0003 m/s. Flow time may be estimated assuming a 

constant velocity by: 

t = L/v (7.2) 

where L is flow length. For the Waiti flow, t is about 0.5 years. Effusion rate may be calculated using: 

F = vhw (7.3) 

where h.w represents the cross sectional area of the flow. 

Alternatively F may be estimated via 

(7.4) 

where critical flow depth is 

~s = Y/gp0 (7.5) 

~s implies that there will be a region along each side of the flow where the depth Is less than ~s and 

where there will be no longitudinal flow. Also the dimensionless parameter U is solved from expression 

(7.6): 

U = w/2wb (7.6) 

where w = flow width and wb = levee width. 

The Waiti flow has well defined flow ridges some parallel to the margins of the flow (Fig. 7 .Sa). However, 

from cross sections (Fig. 7.8b) levee width is difficult to accurately determine. For the Waitl flow values 

of Fare high, comparable to basalt flows (Zimbleman, 1985) at 1.3 x 102 m3/s from equation (7.3) and 
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1.9 x 102 m3ts depending on cross sectional area and the choice of w, wb and hence U. Further 

discussions on this method of estimating F occurs in chapter 8.4.4. 

When F is substituted into the viscosity equation 4.6 

namely TJ = w2.1s Y 1.25 sin 1.50 I 24 F go.2s P 0.25 

with 0 = 5.5°, and p = 2300 kg/m3, TJ becomes 1.3x1010 Pas or 1.3 x 1 o 11 poise. This value provides 

a lower limit for the central viscosity of the flow. 

Air photographs of the Waiti flow show well defined af'cu ate flow ridges. Regularly spaced ridges on 

rhyolite flows may be analysed through the use of a surface folding model (Fink, 1980a) first applied 

to ropy structures on pahoehoe basalt flows (Fink and Fletcher, 1978). The average ridge spacing is 

119 m from 25 measurements off airphotos. The initial distance between ridges can be approximated 

by their arc lengths (Fink and Fletcher, 1978) which are always greater than their final spacing. For 

rhyolite flows the arc length is at most 23% greater. Therefore ridge spacing (Ld) becomes 145 m. 

The following constraints apply on three dimensionless parameters related to the properties of the 

lava. 

The ratio between gravitational stress due to the weight of the lava and the compressional stress due 

to flow (S), needs to be less than 0.02. For folds to form Ld / (1 / y) > 28 and 

A = 7/exterior / T/interior 2: exp 28 H / Let (7.7) 

H is the average height of the ridges, inferred to be coincident with the thickness of the cooler brittle 

crust of the flow. Solving equation 7. 7 gives A 2: 39.2. 

To estimate the minimum surface viscosity at the time of folding, the limitation on the stress ratios < 

0.02, H = 1.9 x 103 cm, A = 39.2, p = 2.0 g/cm3, g = 103 cm/sand e xx = 1.4 x 10-4 s·1 derived from 

the definition of s, namely: 

S = p g (1 / y) / 4 TJO £xx (7.8) 

where r = exponential decay parameter for viscosity increase, TJO being the outside viscosity, and exx 

the compressive strain rate. 

TJO may be solved from equation (7.9) namely 

TJO > p g H / (4 In A exx 0.02) (Fink 1980a).(7.9) 

For the Waiti flow the exterior viscosity is calculated as 1.02 x 1 O 12 poise. 

With A = 39.2 = TJO I TJi 

the interior viscosity (TJi) becomes 2.6 x 1010 poise. While such a method is useful for viscosity 

estimates of both terrestrial and planetary lavas via remote sensing, the applicability to rhyolite flows 
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pig. 7. Sa Aerial photog:caph of the waiti flow, Okataina Volcanic centre, 
showing arcuate flow :cidges that largely parallel the flow m.argins. Transverse 
ridges aligned NE - SW occu:c in the cent:cal part of the flow lobe nearest 1 
Ha:coharo dom.e (lowe:c edge of photo) and are partly obscured by deposits from. the 
Ro tok ohu tuff cone. The flow m.a:cg in of the Wai ti flow is outlined in p .ink . 

P inely :ca.dial f e.a tu:ces are cultural a:ctef acts ( :cows of pine trees) . Breaks 
bet»/een ridge segments a:ce eithe:c tension fractu:ces in.filled by showe:c-bedded 
tephra or erosional features cutting the uppe:c surface of the flow. 
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Fig. 7.8b. Topographic cross-sections (natural scale) for the Haumiogi and Waiti flows. Inset shows 
location of the sections. 
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Fig. 7.9a. Cross-section of two ridges on an obsidian flow showing the relation between arc length (s) and 
wavelength (I). The initial distance between ridges can be approximated by their arc lengths which are 
~ 23% greater than their final spacing. 

FVP 

l!wJ/xllJ{:/i1J 
N1eJJ!alcvv 
03ry8o/E 

·~ . 
"!,. • d 

, ~ ' '.1 ..: 
., t,~.,,' 

• :.t.,,, 

I• .)(. 

~ ..... 1':J<, if' 

Fig. 7.9b. Cross-section of a ridge at s36, Waiti flow. 



may be limited when surface ridge cross-sections are observed more closely. Fig. 7.9a summarises 

the basis of determination of Ld. Fig. 7.9b shows a cross-section of a flow ridge on the Waiti flow (site 

35). The flow ridge here represents a rampart structure derived from later flow brittle disruption of the 

carapace. However, examination of adjacent roadcuts through ridges of similar foliation orientation 

can enable crude estimation of Ld, assuming former continuity of the fold. 

In summary, the best estimates of viscosity are based on chemical ,md physical data from profiling 

throughout a lava flow unit. Thus a viscosity profile may be constructed as in Figs 4.10 and 6.1 O for 

Ben Lomond and Mayor Island flows respectively. From the limited outcrop an estimate of 5 x 1 o 11 

poise is obtained assuming that the interior temperature (from mineral pair geothermometry using the 

data of Ewart et al. 1975) is constant, and that the internal lava contains no primary porosity. 

The estimation of flow viscosity using flow morphological parameters is hampered by: accurate 

estimation of basal slope (0) and flow thickness (h); the width of the active channel over which flow 

velocity would vary; the choice of F; and the use of an expression (equation 4.6) that takes no account 

of the behaviour of different thermal and velocity layers within the flow or the restraining effect of the 

cool brittle carapace. Estimates of viscosity from surface fold analysis are hampered by accurate field 

identification of Ld and estimates of H. Ideally surface coring or the measurement of tension crack 

depths in fresh non-vegetated flows not draped with airfall tephra, can constrain H. The basis for the 

flow fold analysis of Fink is a Newtonian rheology. However, all estimates from both morphology and 

folding analyses fall within one order of magnitude of the viscosity range for a calc-alkaline flow as in 

Fig 4.10; 1 o 13 poise for the brittle carapace of the flow surface; to 1 O 11 poise for the interior viscosity 

of a thermally insulated liquid including suspended crystals. 

7 .4. Summary 

The flow stratigraphic framework and emplacement model generated for the Ben Lomond flow was 

tested on Pauanui, and the Waiti and Haumingi flows of the Okataina Volcanic Centre. Older flows 

such as Pauanui have no preserved fresh glass or pumice. Instead, flows are distinguished by 

weathered pyroclastic marker beds, autobreccia units jointing and textural variation. 

Close examination of textural features, can generate an order of events during emplacement that differs 

in detail from Ben Lomond owing to more mafic compositions at higher inferred emplacement 

temperatures. 

Although glass is preserved on the young Okataina Volcanic Centre flows, outcrop exposure is poor. 

However, unlike Pauanui and Ben Lomond, flow morphology is preserved. Thus differing methods of 

calculating viscosity may be compared. The lava flows are twice the length of the flow lobes forming 

the Ben Lomond dome, and viscosity estimates based on flow chemistry and petrography are 

marginally higher. Controls on the emplacement viscosity as well as differences/similarities in fabric 

features and thus emplacement mechanisms will be addressed in chapter 8. 
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CHAPTER 8. 

COMPARISONS WITH OTHER FLOWS 

8.1. Introduction 

The Ben Lomond and Mayor Island flows may now be placed within the wider picture of effusive rhyolitic 

volcanism. Initially a comparison will be made of textural variations within and between the contrasting 

flow types, followed by a section describing parameters that can act as useful approximations to 

viscosity and temperature. Comparisons and contrasts will also be made between the New Zealand 

lavas and overseas examples. 

8.2. Variations in Textural Zonation 

Fig 8.1 summarises the stratigraphy of six rhyolite flows: Ben Lomond flow; Obsidian dome (Inyo Chain, 

Long Valley Caldera, northern California); Banco Bonito flow (Valles caldera, New Mexico), and the 

three Mayor Island peralkaline rhyolite flows. 

The layer thickness ratios of textural units within the Ben Lomond flow more closely approach those 

of the Banco Bonito flow rather than the young Obsidian dome extrusion. The explosion breccia of 

Ben Lomond occurs as a pod and appears to be discontinuous. In contrast, the coarsely vesicular 

pumice of Obsidian Dome occurs at a drillhole depth of 17 m (Fink, oral comm., 1989) and outcrops 

on the flow carapace and at flow fronts suggesting a lateral continuity of the unit (Baum et al. 1989). 

For Ben Lomond, the relative viscosity between the explosion breccia pod and the upper obsidian 

layer was lower, and the thickness of the overfying lava too great to cause gravity instability or lateral 

spreading of the vesicular explosion breccia. Thus differing emplacement modes of textural zones 

caused by secondary vesiculation characterises Ben Lomond and Obsidian Dome - namely the 

explosive release of volatiles by tension cracks forming breccia cones after flow cessation, and 

diapirism via Taylor instability during flow movement. According to Manley and Fink {1987), the 

coarsely vesicular pumice layer of the Banco Bonito flow is thinner and its vesicles are smaller and 

fewer than is the case for other flows studied. Variations in textural zonation occur between flows and 

domes. The summit area of Obsidian dome (ADO 2B site) lacks a significant upper OBS layer in 

contrast to the distal ADO 2A site. Similarfy, pumice and vesiculated obsidian outcrops on Hanini 

dome, and a lack of an upper OBS unit occurs for Parewhaite and Haroharo domes. Higher heat flows 

and thinner carapaces (equivalent to the FVP layer) proximal to the vent area (Manley and Fink, 1987), 

or a lack of foam collapse during dome extrusion (Eichelberger and Westrich, 1989), could account 

for the absence of a significant obsidian layer. 

In published volcanological literature, no peralkaline flows have been texturally profiled. Thus calc­

alkaline flows provide the basis for comparison of the Mayor Island textural unit stratigraphy. 

The upper obsidian layer of the Ben Lomond flow is approximately five to six times the thickness of 

the comparable flow layer of the Mayor Island peralkaline lavas. Although carapace and flow 
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Fig. 8.1. Cross-sections through six rhyolite flows: 

C 

/ \- ....... .... \ ... 

f20 

too 

60 

20 

0 

6Qm, 

4.0 

20 

0 

A. Ben Lomond; B. Obsidian Dome; C. Banco Bonito; D. Panui flow; E. Pre-8 ka flow; F. 8 ka flow. The 
FVP (finely vesicular pumice) is usually brecciated, but for B. and C. is divided into breccia above and 
coherent rock below. The upper obsidian layer (U .OBS) is usually cut by coarsely vesicular pumice (CVP) 
for colums B and C, equivalent to the explosion breccia of Ben Lomond. Other abbreviations are TZ 
( transition wne ), RHY ( crystalline rhyolite ), and L.OBS (lower obsidian). The basal breccia is divided into 
welded (hatched) and non welded (stippled) wnes. Diagonal lines between columns show correlations 
between textural wnes among various flows. Columns B and C are from Manley and Fink (1987). • 
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pig 8. 2. Gene.ral trends of physical volcanological parame.te.rs and the.ir 
comparison to the.ore.tical cu:cve.s for tempe.rature. and viscosity for a :profile. 
through a rhyolite. lava flow. Profile.s of infe.rre.d primary porosity (P), void 
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approximate. the temperature. curve. (T). The. dashe.d line for the. H,1 o profile. 
represents an enriche.d pe.ak corre.sponding to e.xplosion bre.ccias or CVP layers for 
calc-al.kaline. lava flows, and is not characte.:dstic of per alkaline lavas. 
Likewise., the dashed line for l represents the. uniform m.icrolite. length of 
calc-al.kaline. lavas such as Ben Lomond. 

As "JI) and T have never been directly measured, related physical parameters can 
only he correlated and compared to the. shape of theore.tical profiles. BL and t1 

refer to correlations compiled from. Ben Lom.ond and Mayor Island data 
re.spe.ctive.ly. The corre.lations are discussed on p. 14 7 and inte:cpretations are. 
lim.ited by few common data points and natural variability of carapace PVP values 
particularly from. Rv and P. 



cross-sectional exposure is limited for the Ben Lomond flow, the upper part of the Ben Lomond lava 

was less readily able to deform into surface folds owing to a smaller value for relative viscosity between 

exterior to interior parts of the flows. 

The upper obsidian layers of Mayor Island flows are stressed into folds with synclines and compressed 

anticline spines suggesting zones of high thermal and viscosity gradients. The rhyolite/obsidian layer 

thickness ratio for Mayor Island flows is greater than that of Obsidian dome because the upper obsidian 

layer insulated the central part of the flow where microlites were able to lengthen under conditions of 

high temperature and low viscosity for a time period of up to 10.5 years duration. This value is estimated 

using equation 4.17. Thus devitrification was suppressed in the upper and lower obsidian units. For 

Ben Lomond, microlite growth was uniform throughout the grey llneated obsidian layer. The black 

obsidian at roadcut section quenched rapidly and is therefore microlite-poor. 

8.3. Approximations to Viscosity and Temperature. 

Fig 8.2 illustrates the general trends of physical profiles of textural parameters together with theoretical 

temperature and viscosity curves. 

'j 

I (L I BL I 

(: I 
M I 

FVP 
BS 

RH 

5 

:x:, 

H.2,O 
RV 
H.a,O 

1 
RV 

r= 
-ti'.:: 

FVP 

085 

/WY 

p 

p = 
p = 
Rv= 
t°= 
p = 

-2.44 
1.85 
0.33 
1. 95 
7.68 

l 

+ 88.86 
+ 1. 93 
+ 36.07 
+ 0.008 
+ 1.16 

TJ 

f- h 

(H 2. 0) 0.96 * 10 
RV 0.82 6 

(H2O) 0.92 * 6 
1 0.20 18 
Rv 0.53 12 

c.orre /oJion coe ff1c."1't,.nt r, :. r,un1be,r of olo.+,._ points 

s1:y,1ficc;.n"t to I¾ 14!-v<-I. 

146 



For a rhyolite lava flow, viscosity and temperature have never been directly measured. Hence viscosity 

and temperature profiles are formulated by: comparison with basalt lava flow data (thermal profiles, 

refer to Helz and Thornber, 1987; viscosity measurements, Shaw et al. 1968); theoretical models 

(Carslaw and Jaeger, 1959; Manley, 1989); or empirical models (Sherman, 1968; Shaw, 1972; Murase 

et al. 1984; Spera et al. 1988). Hence, parameters approximating viscosity and temperature need to 

be found to satisfy objective 8. For example, primary porosity, void aspect ratio, and water content 

profiles best approximate the shape of the theoretical viscosity profile. However, low correlation 

coefficients, particular1y for porosity/Av for the 8 ka flow result from few common data points and wide 

natural variations in Rv and vesicularity from carapace FVP samples. A close sampling programme 

in intact FVP rather than brecciated FVP would limit variation, but accurate water determination by Kari 

Fischer titration is still hampered by the large adsorbed water peak in pumiceous samples (Westrich 

oral comm., 1989). 

Void shape variations in basalt flows are more limited owing to low viscosity and a lesser viscosity 

gradient. Voids of high aspect ratio correspond only to the chilled outer skin of the flow of only a few 

centimeters thickness. 

High viscosity and low overburden pressures contribute to elongation and deflation of voids in finely 

vesicular pumices. High overburden pressures and lower viscosities contribute to lower void aspect 

ratio (Rv) values in the upper obsidian layer. Thus Rv is a function of overburden pressure, temperature 

and volatile content and viscosity. 

As no iron oxide minerals occur in Mayor Island lavas, paleomagnetism via the method of Audunnson 

and Levi (1988) cannot be used to generate a temperature profile. Microlite length for more fluid lavas 

such as Mayor Island can be used to approximate the form of the thermal profile, constrained by 

textural variations such as: a cold phreatomagmatic layer ( 100°C); an airfall lapilli layer containing 

charcoal (basal part of 8 ka tuft~ 300°C); a fused lapilli (500 - aso0 C); and a collection of gas blisters 

at the base of lava at an estimated temperature of aso°C. The shortest microlites within the FVP were 

unable to grow by diffusion owing to the high viscosity of the rapidly cooled outer skin of the flow. 

Therefore the growth of microlites in the FVP layer occurred in the conduit during ascent of the magma. 

M icrol ites in the central parts of the flow were able to elongate under high temperature and low viscosity 

conditions after flow emplacement. Variations in microlite length within the upper OBS layer of the 8 

ka flow, profiled at Parekoura Point are interpreted as resulting from overturning of the upper flow 

stratigraphy during middle to late stages of emplacement. This factor and variations in vesicularity of 

the FVP layer, lower the r value for the density/microlite length correlation. 

Such a method is limited in its applicability to the Ben Lomond flow owing to the presence of microlites 

of uniform length. 

Clast aspect ratio may similar1y be used for relative temperature estimates or relative velocity of flow 

particular1y for rheomorphic tufts (cf. Peterson, 1979) as can the curvature of flow ridges for the velocity 

of flow carapaces relative to marginal levees. This can only be applied to young silicic flows with 

unvegetated and totally preserved carapaces. 
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8.4. Comparisons With Other Flows. 

8.4.1. Introduction 

Table 8. 1 lists the physical data for the New Zealand flows studied, and other North American examples. 

The rhyolites can be divided Into the following groups: 

a. a plug of low flow length/thickness or aspect ratio within a tuft ring; 

b. small flows and domes (aspect ratios of between 5 and 50); 

c. voluminous flows of high aspect ratio; 

d. pantellerite flows. 

The calc-alkaline Ben Lomond and Okataina Volcanic Centre lavas best fit into the second group -

namely lavas of moderate aspect ratio that form short flow lobes or coulees. The physical volcanology 

of some North American flows will be outlined, as well as the peralkaline flows of Pantelleria to compare 

with the flows studied on Mayor Island. 

Finally, the assertions of Walker (1973) are tested for rhyolite lava flows, with data from Table 8.1. 

8.4.2. Physical volcanology of some North American rhyolites. 

While the chemistry and the petrography of the Panum dome and Southern Coulee of the Mono Craters 

is comparable, the form of these extrusions are different. The emplacement history of deposits 

associated with Panum Crater are documented in Sieh and Bursik (1986) and Bailey et al. (1989). 

Panum dome is largely pumiceous with a lack of a significant obsidian layer and has a carapace split 

by tension cracks (Fig 8.3a). Panum dome appears to have been emplaced as a series of semi-solid 

bulbs of lava from an inflated foam that had collapsed within the upper conduit, contrary to the 

flow-collapse hypothesis of Eichelberger et al.(1986). Microfaulting (Fig 8.3b) , boudinage, and 

vesiculation from the release of confining overburden pressures (refer Fig. 7.7b), contributed to the 

fracture of the carapace and confinement to within the tuft ring. During an eartier extrusive phase, the 

collapse of part of the flow front and tuft ring triggered a block and ash avalanche, resulting in the rapid 

inflation of clasts of lava, breadcrusting of clast skins, and impact marks where the pink pumiceous 

angular clasts of the tuft ring were impressed (Fig 8.3c). The Southern Coulee has a greater diversity 

of textures, consisting of three different pumices of contrasting vesicularity, and obsidian within the 

lower two-thirds of the flow. Flow pumices show strain-slip cleavage (Loney, 1968) and are indicative 

of plastic flow after extrusion. 

The Inyo domes form mushroom-shaped structures up to two kilometers diameter. The finely 

porphyritic (FP) lavas represent the co-mingling of high-Ba hornblende bearing rhyodacitic magma 

and low-Ba rhyolitic magma that does not contain hornblende. These lavas have three textures that 

outcrop on the carapace and the flow front: finely vesicular pumice; obsidian; and coarsely vesicular 

pumice. Obsidian dome consists sole/yof FP lava wheras South Deadman dome comprises a low 

margin of FP lava and a raised vent area of coarsely porphyritic (CP) lava (Fig 8.4a). Both lava types 

co-erupted with the final extrusion of CP lava piling up over the vent. CP lavas in the hybrid mixing 

zone occur as blobs (Fig 8.4b), which with increasing distance from the vent become spread out into 

bands where the large phenocrysts of the CP zone float into the glass of the FP lava (Fig 8.4c) 
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Table 8. 1 Key to symbols. 

'Y)o viscosity of original liquid, Shaw (1972), (eq 4 7) 
~e(l) effective viscosity, eq. 4.11 (Shaw, 1965) 
") e(2) effective viscosity, eq. 4. 13 (Mu:case et al 1984) 
~e(3) effective viscosity, eq. 4.14 (McBirney & Murase, 1984) 
T temperature 
¢ crystal proportion 
Dm crystal size 
Y yield strengtit (eq. 4.1) 
Pl effusion rate (eq. 4.4) 
P2 effusion rate (eq. 7.3) 
?')1 ,~2, ~1 incorporating Pl, "72 incol:J)orating P2 us.1.ng equation 4 6 

(morphological method} 
~ext} exterior and interior viscosities using surface fold 
i int analysis (eq. 7. 9; Pink, 1980}. 

Values for CP lavas, s Deadman Dome are in brackets 



Table 8.1. Physical data for New Zealand and overseas rhyolite flows. Some of the data for Okataina 
Volcanic Centre flows is from: Ewart (1968); Ewart et al. (1971), (1975); Nairn, (1981). Morphological 
data was derived from topographic maps for these flows. Data from overseas rhyolites is from: Loney 
(1968), Nc\\man et al. (1988). (Mono flows); Vogel et al. (1985, 1987), Sampson (1987) (Inyo domes); 
Goff et al. (1989) (Banco Bonito); Fink (1978, 1983)(Little Glass Mountain); Duffield (1989)(Taylor 
Creek); Henry et al. (1988, 1989)(Trans-Pecos); Bonnichsen (1982)(Bruneau-Jarbidge); and Villari 
(1973) Mahood (1984), Mahood and Hildreth (1986) for Pantelleria. Abbreviations n.a. = not applicable, 
n.d. = no data, and a gap indicates not calculated. 

Ben Lomond Mayor Island Pauanui 

soU1hwestarn flow Ska Pre•Bka Panu1 2d Pl P3 flow 3 Haummgi, Wait1 

log '10 11.1 7.25 7.80 7.66 7.05 8.3 • 9.3 9.4 11.09 11.55 
log ,,e (1) n.a n.a 7.81 7.77 7.25 8.55 • 9.5 9.48 11.2 11.70 
log ,,e (2) n.a n.a 7.80 7.70 7.09 8.49 • 9.45 9.42 11.12 11 .62 
log ,,e (3) n.a n.a 8.23 8.94 11.81 11.51 -11.34 10.88 12.05 13.23 
Av log 'le (2.3) n.a n.a 8.02 8.32 9.45 10-10.4 10.15 11.59 12.43 
T(C) 780 • 800 • 950 • 950 • 950 • 950 860 860 no 740 
t I "lo) aphyric aphyr1c 0.5 7.0 12.5 13.4 • 7.3 5.8 • 6.7 6.9 9.7 
Dm (mm) n.a n.a 0.5 0.4 1.0 0.61 • 0.65 0.45 • 0.53 0.31 0.43 
H;P<-(%) 0.1 • 0.5 0.05 0.05 0.05 (0.05) 0.16-0.29 0.21 -0.15 0.18 0.12 

length L (m) 3500 600-> 1100 100->1400 r-230,d-460 1428 (1000) (1200) 6780 5000 
thlCkness h (m) -105 -so (35) -so 40 36 > 150 65+ 120 -150 150 
Lih 33 >22 (28) 5.8 (11.6) 39.7 6.7 18.5 48.4 33.6 
w-dth w (m) 1250 2050 500 n.a 910 (330) (200) 3166 2922 

14> to 25 nd 5.5 n.d n.d 5.6 5.5 basa! slope 8 4.5 9 
Volume (km3) 0.46 0.07 min nd 0.007 0.046 ((0.06) (0.01) 3.2 2.2 

69.07 - 73.64 73.87 75.75 74.99 S'°2 (%1 76.9 • 77.1 73.47 74.88 74.91 73.4 
9.73 10.23 9.89 8.8 15.24 - 13.82 14.45 13.10 12.82 Al2<):)(%) 12.49 

9.73 9.84 10.8 6.34 - 7.1 6.81 7.46 7.31 Na;?() + K;>O (%) 7.48 10.2 
79.5 245.5 318.9 y (x 1000 Pa) 189.5 

0.22 (440) 4.1 - 6.9 (9500) 23.9 (427.4) 14 (131.4) Fl (F2) 3.9 • 8.1 (39.4) 6.n (74500) 
10.4 • 10.7 (7.3) 11.99 ( 10.7) 12.24 ( 11.29) ,,, (1]2) 10.5 • 11 .06 (10.35) 

(29.8) 0.1 0.03 velocity (cm , s) 0.05 
12 (10.4) 

'l ext ('l ,nl) 

Ok.atama Volcanic Centre Tarawera VolcanK: Cenire 

Haroharo Okataina Han1n1f Hanin1 d Tapalloro Parewharl:e Ruawahia Hawea L Pokohu 

11.57 11.73 11.86 11.48 11.39 11.96 • 11.63 
log '10 11.71 11.74 11.70 

11.88 11.49 12.06 • 11.73 11.96 11.85 11.97 12.05 log ,,e (1) 11 86 11.94 
11.89 11.43 12.00 - 11.67 

11.88 11.91 11.79 11.94 11.96 log ,,e (21 11.79 
14.77 15.15 13.49 15.15 12.93 13.32 

log ,,e (3) 13.24 14.32 14.89 
13.52 12.18 12.58 13.28 13.55 12.73 

Av log ,ie (2 3: 12.48 13.1 13.4 
750 750 750 730 • 740 730 750 

T(Ci 740 750 750 
22.7 5-8 6.3 

12.6 15.9 16.5 14.7 11.6 
t I •1.J 10.1 

0.56 0.65 0.43 0.5 0.5 0.5 
Dm (mm) 0 so 0.55 0.58 

0.2 0.2 0.1 0.1 
0.15 0.2 0.2 0.2 H;P+ (%} 02 1822 4000 • 6000 7590 4330 r-768 5128 2161 

length L (m} 267( 5500 
150 181 478 (300) 120 120 

210 150 ,so 
63.3 thickness h (m) ,~n 

5.12 34.2 11.95 3.8 33-50 
L/h 20.6 26.2 28.8 

1780 1225 1355 5000 (max} 4680 (av} 
1450 n.a wd.h w (m} 2266 1985 

5.98 5.6 (2) n.d n.d 
6.4 7.5 n.d 

4.2 bas•' slope;?, 4.5 
0.27 1.37 0.4 ,., 1.8 

Volume (km ) 0.9 2.2 0.9 
76.92 76.19 76.03 75.53 76.57 

75.84 76.66 76.41 
12.98 12.53 St0;!(%} 75.91 12.59 12.70 12.66 

12.22 12.57 12.56 
7.49 7.33 A'2()3 ("lo) 12.46 7.39 7.56 7.03 

7.37 7.45 7.29 
Na;?()+ K;>O ("lo} 7.29 360.1 390.5 533.9 367.5 

9.13 (50. 73) 2.2 (44.3) 0.87 (222.8) y (X 1000 Pa} 7.8 (166.7) 6.3 (43.5) 
12.15 (9.9) Fi (F2) 12.46 (11.14} 12.08 (11.24} 11.99 (11.15) ,,, (l] 2) 0.04 0.02 0.02 0.02 

'weloeity (cm Is) 

Inyo Mono Medicine Lake Valles Mogollon-Datil 

Qbsichan dome S Oeadman dome S. Coulee Panum LGM Banco Bonrto Taylor Ck. 

10.73 • 9.87 11.01 -10.13 9.50 10.45 12.7-9.61 
9.65 • 8.66 9.05 • 8.45 (11.13) 10.64 n.d log T]O 9.10 • 8.49 (11.69) n.a n.a n.a 

logT)8(1} 9.70-8.70 n.a n.a 10.65 n.d 
9.07 • 8.46 (12.85) n.a 

log T)8 (2) 9.67 • 8.67 n.a n.a 14.56 n.d 
10.90 • 9.91 10.06 • 9.46 (25.43) n.a 

12.61 n.d log ,,e (3) 9.57 • 8.96 (19.14} n.a n.a n.a 
Av,,e (2. 3 10.29 • 9.29 

850 - 900 (780 est} 790-850 790 • 850 860 (TT5) 700 (min)- 900 
T(C} 850 - 930 

aphyric aphync ap~yric 12 n.d 
♦ (%} 1-2 (2-9) 3 (25-40) 0.5 - 2 (0.9) n.d 

(0.5) 0.5 (1.5) 
0.1 0.24 0.2 ast On 0.1 (0.3) 0.3 0.1 

n.d H,10 0.1 d. 390 total r • 2000 7900 620, 1240 (420,840} 3600 > 125 eroded L (r.d) 1000, 2000 90 (75) 45 20 dome.SO Uow 150 
55 70 (150, av• 113) 

40 52.6 n.d h 8.9 (4.1) 40 4.3 
n.d Llh 18 n.a n.a 1900 av n.a 1200 

(5.0) n.d w n.a 
n.d (11) n.d n.d 

(0.2-10.5) n.d 0.002 0.6 3.4 e 0.08 (0.06) 0.3 
73.68 77.82 0.15 75.3 • 76.2 76.73 73.58 Volume 

72.95 71.21 (glass • 75. 77) 13.59 12.2 Si0;1(%) 13.1 -12.6 12.86 14.03 
14.20 15.17 (glass• 13.33} 8.00 8.29 Al;P:3 (o/0) 9.43 (8.75) 8.8 -9.2 8.51 8.38 

Na;?()+ K 9.63 

(0.23.(0.0006)) 8.64 (119. 7) 3(30) 15.01 (960.5) 
Fl (F2) 2.73 (220) 
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Trans Pecos Bruneau - Jarbldge Pan1eller1a 

Star Mt. Bracks Triguaro Dorsey C. Randazzo C. Sauvechi M.Gelk.hamar 

log '10 7.67 • 6.84 7.74 • 6.91 7.78 8.07 6.22 6.29 6.45 log,,.. (1) 7.83 • 7.00 7.90 - 7.07 n.d n.d 6.47 n.d n.d log~· (2) 7.76 • 6.93 7.83 • 6.99 n.d n.d 6.38 n.d n.d log,,.. (3) 9.68 - 8.81 9.75 • 8.92 n.d n.d 8.86 n.d n.d Av~o(2.3 8.72 - 7.87 8.79 • 7.96 n.d n.d 7.62 n.d n.d T(C) 860 · 940 860 • 940 950 950 950- 1025 950 • 1025 950 -1025 .(%) 10 10 n.d n.d 15 • 20 nd n.d Cm t (05 est) • (0.5 est) n.d n.d 10 5) n.d n.d H;,(l 0.2 0.6 (0.2) (0.2) :; '.:!5\ (005) (0.05) 
L (r.d) 70.000 55,000 n.d n.d 2·;JO 1600 2060 (680) h 80 • 240 50-120 150 150 25-50 n.d n.d Lih 600 700 n.d n.d 74.7 n.d n.d 

w 21400 10700 n.d n.d 300 260 640 (86) e n.d n.d n.d n.d n.d n.d n.d 
Volume 240 50 n.d 75 n.d n.d n.d 

Si02 (%) 65.8 • 71.87 66.64 - 69.17 71.02 71.7 • 72.1 67.90 70.31 68.08 
Aiz03(%) 15.7-12.58 13.00 • 12.52 13.26 13.4 • 12.8 10.01 8.22 10.62 

Na;,()+ K 9.6- 9.7 9.31 • 9.74 8.16 7.70 • 8.22 11.48 10.36 10.94 

F1 (F2) 1404 (3.56E6) 1038.5 (2.4E5) 500 (8.5E6) 

(Sampson, 1987). CP lavas are more viscous than FP lavas owing to higher crystal contents, larger 

crystals, greater vesicularity, and higher SiO2 content of the glass. The viscosity difference between 

CP and FP lavas is at least four orders of magnitude. This factor contributes to the different aspect 

ratios and resultant shape of both lavas comprising the dome as the extrusion volumes of both lava 

types are comparable. In addition, from U238 - Th230 data, crystals of hornblende and allanite formed 

about 20,000 years ago in CP lavas. As these phenocrysts are larger than those of the FP lavas, and 

that both lavas erupted approximately 550 years ago, a longer residence time is implied for the CP 

magma in an upper level magma chamber. 

Taylor Creek lavas have a SiO2 content similar to that of Ben Lomond. These deposits show evidence 

of welded-particulate and lava flow origin within individual eruptive units. The co-existing textures have 

been generally interpreted as the result of a pyroclastic flow so hot that part of it was remobilised as 

a lava flow after the main eruptive mass came to rest. Alternatively, the lava flow locally collapsed to 

feed a welded pyroclastic phase. Duffield {1989a,b) speculates that lavas having similar mixed textures 

are the products of fountains of silicate lava whose fall-back was hot enough to rehomogenise into a 

flow, but was in part cool enough to preserve a welded particulate nature. High volumetric rates of 

eruption, high eruptive temperatures or an enrichment of volatiles would need to be pre-requisites for 

a fountain-fed emplacement mode. 

For the Bruneau-Jarbidge and Trans-Pecos flows of high temperature and high aspect ratio, fragmental 

eruption and rheomorphism, or extrusion as a lava are modes of emplacement that could equally 

account for their extensive exposure. Evidence for both scenarios is summarised in Bonnichsen and 

Kauffman {1987) and Henry et al. {1989). By comparison, the Chao dacite flow has 60% crystals 

contributing to very high internal viscosities of 1014 -1023 Pas (Self et al. 1989). However, an effusion 

volume of 26 cubic km (Guest and Sanchez, 1969) and a basal slope of 3 - 6° caused long coulees 

of high aspect ratio (LJh = 30) to form rather than domes. For the Bruneau-Jarbidge lavas, high 

temperatures of about 950°C and a rhyodacitic composition (SiO2 = 67 - 72%) contribute to the low 
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(a) 
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Fig. 8.3. Pan um dome, Mono Craters, northern California, showing the tuff ring moat, flow front talus and 
an upper surface split by tension cracks (a). 
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(b) 

Fig.8.3 (C) 
Semi solid emplacement processes are evident from microfaulted offsets in glassy bands within the finely 
vesicular pumice layer (b ). 

Voids of low aspect ratio and breadcrusted surfaces characterise the bombs from the block and ash 
avalanche deposit (c). 
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(a) 

Fig. 8.4. South Deadman Dome, Inyo Chain, northern California: form and petrofabrics. 

(a) South Deadman Dome, photographed from Deer Mountain. The lower FP lavas show three textures 
and arcuate ridges. The elevated CP lavas of the summit region are split by seven radial fractures cutting 
the concentric strike pattern of the flow banding. 
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(c) 

Fig. 8.4 

(b) Blobs of CP lava are enclosed by fluidal FP lavas. Flow banding is steeply dipping on the upper surface 
of the FP lavas, South Deadman Dome. 

( c) CP lava strands with enclosing FP lava ( or hybrid lava) characterised by large CP crystals. 
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viscosity of the interior liquid. Results from thermal modelling (Manley, 1989) imply that given great 

volume and thickness, large masses of rhyolite lava will be able to travel many kilometers from their 

vents before they cool and solidify. 

8.4.3. Strongly peralkaline flows: Pantelleria and Mayor Island. 

Previous work on pantelleritic centres has largely been concerned with petrology or isotope chemistry 

of samples not tied to a detailed eruptive stratigraphy. Only a small number of centres have been 

adequately mapped. Many studies were undertaken before the present understanding of caldera 

formation and welded tufts, and units were described from a calc-alkaline perspective (Mahood, 1984). 

No detailed profiling of physical volcanological properties of pantelleritic flows has been undertaken 

prior to this study. However, comparisons between strongly peralkaline Mayor Island and Pantelleria 

can be made. 

The rheology of the Pantelleria lavas resembles silicic andesites despite SiO2 contents up to 70% 

(Mahood, 1984). The high agpaitic index (molecular Na + K/ Al ratio) of 1.65 -2 exceeds that of Mayor 

Island (1.3 - 1. 7) and a lower SiO2 content (66 - 70%) promotes lower values for the viscosity of the 

liquid. 

Pantellerian shields typically have a subdued topography. The distinction between true flows and 

remobilised fountain-fed flows is arbitrary although the former can be traced coherently back to source 

(Mahood & Hildreth, 1986). The extent of agglutination or welding is very sensitive to fountain height 

and accumulation rate. For a layer 10 cm thick to agglutinate, the time for welding is estimated as 7. 7 

- 77 seconds (Mahood, 1984). 

Monte Gelkhamar, described as an endogenous dome by Villari (1974) and Cornette et al. (1983), 

refers to a lava dome growing by internal expansion (Williams & McBirney, 1979). No true endogenous 

domes occur on Pantelleria. M. Gelkhamar and C. Randazzo have been described by Mahood and 

Hildreth (1986) as lava cones, and form from magmas with effective viscosities intermediate between 

shield lavas and lava-breached domes (Fig. 8.5). The Khaggia flows are thicker than shield flows, (25 

- 50 m) and are 0.3 - 1 km wide. Early flows in C. Randazzo contained 15 - 20% feldspar of less than 

2 mm length. The final flows form stubby lobes with 25% phenocrysts up to 1 -1 0 mm length. (Mahood 

and Hildreth, 1986). 

A similar landform sequence occurs on Mayor Island. The pre-caldera shield flows and the 8 ka flow 

are aphyric or phenocryst-poor and are spatter fed. Small extra-caldera domes formed (e.g. Panui) 

that ponded within a tuft ring and had a greater effective viscosity from 7% phenocrysts. The 

intracaldera lavas (e.g. flow 2d) contain up to 15% phenocrysts thus forming subdued lobate flows 

surmounted by Tarewakoura dome. Brothers (1957) claimed observing lava tubes on these flows. 

However, the morphology of the flow lobes is not like that of a tube-fed basaltic flow and the estimated 

effective viscosity Is too high. Likewise no evidence of tube-feeding occurs at Parekoura Point. 

155 



Cone 

- 400 

- 300 

-200 

- 100 

-0 

I km 

Dome 

Fig. 8.5. The morphology of flows comprising shield cones and domes, Pantelleria (from Mahood and 
Hildreth, 1986). 

8.4.4. Controls on the morphology of rhyolite flows. 

Walker's {1973) original assertion that eruption rate was the most important influence governing the 

lengths of lava flows countered the long held belief that flow length was governed by viscosity. Walker's 

data base comprised 40 flows from 19 volcanoes ranging from basaltic to rhyolitic in composition. 

Malin (1980) examined the relationship between actual effusion rate (volume divided by length of time 

the flow was active) and flow length. His results, for Hawaiian basalts, did not confirm those of Walker 

( 1973) in that Hawaiian basalts are tube fed rather than channelised (e.g. Etna). Lava tubes are effective 

in extending flow length for many kilometres for flows of low effusion rates (4 m3/s), thus thermally 

insulating the lava. A paucity of field measurements for active flows forced Malin to calculate eruption 

rates by determining the volume of the entire system, and attributing eruption rates to individual flows 

in proportion to their volume. Also the log length / log volume correlation is high as length is 

incorporated in calculations for volume, thus prejudicing the outcome. However, the cross-sectional 

area of the flow and flow length are mutually dependent. Roth and Sanders (1983), cited in Pieri and 

Baloga (1986), found that silicic lava flows were shorter than basaltic flows although some had 

comparable eruption rates counter to the findings of Walker (1973). Pieri and Baloga (1986) found 

that eruption rate is highly correlated with planimetric area by using simple models incorporating heat 

loss by radiation to estimate flow rate. 
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Fig 8.6a shows that many of the rhyolites from Table 8.1 plot outside Walker's (1973) field, particularly 

the voluminous Trans-Pecos and Bruneau-Jarbidge flows. Results from the mildly peralkaline La 

Primavera (agpaitic indices from 1.02 - 1.14) are included, from Clough et al. (1982). Most have aspect 

ratios (V/H as defined by Walker, 1973) from 1 :7 to 1 :25 and are thicker than strongly peralkaline flows 

from Pantelleria and Mayor Island. 

A gooo correlation occurs between length and cross-sectional area supporting the results of Malin 

(1980) from basalt flows (Fig. 8.6b) 

However plots of effective viscosity versus volume or a morphological parameter such as h/A, HN, or 

length, separates the rhyolites into four groups (Fig. 8.6c): 

a. high-silica calc-alkaline; 

b. low-silica calc-alkaline; 

c. low viscosity, high temperature, voluminous mildly alkaline flows; 

d. low viscosity, low volume peralkaline pantellerities. 

The range of eruptive morphology for the Okataina Volcania Centre lavas - namely dome, coulee and 

flow of comparable eruptive temperature, chemistry and thus viscosity, suggest that effusion volume 

and effusion rate influence the shape of the resultant landform. No rhyolite lava flows have been 

observed to erupt. Therefore, effusion rates have been estimated by two methods: F(1) from equation 

(4.4) and F(2) involving an estimate of velocity from equations (7.1) and (7.3) where the velocity is 

multiplied by the average cross-sectional area of the flow. Walker (1973) included two historical silicic 

flows in his data set; the Hibok-Hibok dacite (1948) and Trident rhyooacite with measured effusion 

rates of approximately 1.2 and 7.5 m3/s respectively. Mt St Helens dacite and Santiaguito dacite have 

measured effusion rates of a similar magnitude (Swanson et.al. 1987). 

Thus the values of F(1) are closer to those from active silicic lavas. In contrast the values of F(2) are 

very high, particularly for the voluminous Trans-Pecos flows and peralkaline lavas. Values for F(2) are 

large for wide flows as cross-sectional area is involved in the calculation from equation 7.3. For the 

Trans-Pecos flows effusion rates of ~ 105 -106 m3/s exceed those measured for basalts in Lipman and 

Banks (1987) of 103 m3/s, and are similar in magnitude to highly explosive ignimbrites (104 - 107 m3/s) 

(Cas and Wright, 1987). While a particulate mooe of emplacement could be inferred from these results 

for the Trans-Pecos flows, the estimates of F(2) are exaggerated, and thus the effusion rate from 

methoo (1) is considered more realistic. When F(1) is plotted with viscosity, two trends emerge (Fig. 

8.6d): 

a. calc-alkaline trend, terminating at the high temperature Trans-Pecos and Bruneau-Jarbidge flows; 

b. peralkaline pantellerites. 

In addition, a weak relationship is implied between crystal proportion and effusion rate with those lavas 

of highest phenocryst proportion having the lowest effusion rate. 

The high temperature pantellerities have the highest Na2O + 1<20 / Al2O3, are the thinnest of flows 

(Fig. 8.6e), hence have the lowest yield strength. Fig. 8.6f includes temperature In the chemical 
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Fig. 8.6a. Thickness (V) plotted against diameter (H) for rhyolite lavas tabulated in Table 8.1. Walker's 

(1973) field for rhyolite lavas is based on 176 data points. Flows from La Primavera are included. 

Fig. 8.6b. Length versus cross-sectional area. 
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Fig. 8.6e. Flow thickness (h) versus a parameter for chemical composition (Na20 + K20 / Al203) 

Fig. 8.6f. Chemistry (as Na20 + K20 / Ah03) versus temperature ( T ) and a parameter including 
chemistry and temperature plotted against log h/A where A = flow area. 

Fig. 8.6g. Comparison between two estimates of effective viscosity. 
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parameter, and when plotted with a morphological parameter, separates the strongly peralkaline flows 

from the other rhyolites. An important result is that the Trans-Pecos flows of smallest log h/A and large 

eruption volume would have a viscosity approaching other low-temperature low-silica rhyolites, if 

temperatures were equivalent at 860°C. 

Fig 8.6g compares two estimates of effective viscosity: 1/e(2) from Murase et al. (1984) and 1/e(3) using 

the computer programme in McBirney and Murase (1984). The latter method inflates effective viscosity 

for crystal proportions and sizes of more than 10% and 1 mm respectively. Values for the coarsely 

porphyritic lava of S. Deadman Dome (excluding the effect of voids) gives an inflated value of 1025 

poise. This contrasts with approximately 1013 from 1/e(2). The high value for method (3) is largely 

from the natural logarithmic construction involved in calculating the relative viscosity. Large crystal 

sizes inflate values of 1/R and hence resultant 1Je. With this method many flows are calculated as 

erupting at viscosities above the brittle transition viscosity of glass (1 o 13 poise at 670°C). Thus, if this 

were so, the flows would show no fluidal deformation structures. Murase et al. (1984) used an equation 

from Huppert et al. (1982) to solve viscosity of the crystal-rich Mt St Helens dacite dome. 

Their equation (5.4) is written as: 

h = (14 / 9.n)[ c(a) r2 (3 VS/ g )0•25 t(a- 1)/4 [1 - (r / rN)] 1I3 (8.1) 

where h = height, v = viscosity, t = time, r = radius and total radius rN, S is rate of supply. If S is 

assumed to be constant, a is 1.00 and c (a) is about 0. 72. For Mt St Helens, when h = 120 m during 

late 1981, v = 5.1 x 1 o 16 poise. Murase et al. (1984) concluded that such a value was unreasonably 

high, and may be due to the assumption of a con stant rate of growth and Newtonian properties of the 

magma. For crystal-rich rhyolite magmas, values exceeding 1 O 14 poise, particularly for Ruawahia and 

S. Deadman Dome calculated via method 1/e(3), may also be considered unreasonably high. Murase 

et al. (1984) concluded that none of the theoretical models so far derived is strictly adaptable to the 

problem of viscous crystal-rich lavas. 

8.4.5. Summary 

Cross-sectional area is related to flow length. Eruptive volume is intuitively important, however, the 

correlation coefficient is biased, owing to common terms Oength) in both parameters. Plots of effective 

viscosity versus morphology (e.g. volume) show no viscosity difference between dome, coulee and 

flow. Effusion rate (F) and volume, cannot be independently determined, owing to morphological 

terms common to both parameters. However, a viscosity/effusion rate relationship is implied for 

calc-alkaline flows. This relationship is influenced by temperature and chemistry. 

s.s. Addressing Major Questions. 

In light of data obtained from both Ben Lomond and Mayor Island flows, and after comparison with 

other rhyolites, the three major questions stated in Chapter 1 may be addressed. 

Firstly, what control do the volatiles in the system have on ultimate emplacement properties? 
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An understanding of an approach to attempt an answer is via objectives 3,4,5,6 and g - namely textural 

profiling, critical interpretation of degassing models, analysis of chemical profiles, and implications 

from constraints on eruption modes from textural features and inferred viscosity. The presence of 4% 

volatiles in the magma chamber lowers the viscosity of the liquid. But degassing and high undercooling 

on ascent causes void inflation and thus increases the effective viscosity of the melt. The ability for 

void inter-connection within the upper conduit and the permeability of the conduit pyroclastic funnel 

will, in part, control whether the magma erupts explosively, emplaces as a lava, or fails to reach the 

surface. Hydrostatic head within the conduit and magmatic volume are also important controlling 

factors. When emplacing, rhyolitic obsidian lava flows have similar water contents of between 0.1 and 

0.2%. However, the presence of zones of vesicularity will depend on flow thickness and the relative 

viscosity of the vesiculated and non-vesiculated layers will contribute to the ease of Taylor instabilities 

within the upper part of the flow profile. 

Secondly, what is the relative importance or contribution of the chemical composition, temperature, 

and volatile contents of rhyolite lavas? 

To arrive at an answer, an approach using results from objectives similar to those for the first question 

may be pursued. Relative importance of each of the above three parameters cannot be assessed 

unless viscosity and temperature could be measured independently. Lag times for the fusion of 

powdered samples in furnace experiments with high silica rhyolites (e.g. Ben Lomond), prevent the 

direct measurement of viscosity. For aphyric lavas that are chemically uniform, the effect of tempera­

ture on flow rheology is greatest. Slight variations of water content within the polymerised fluid do not 

significantly alter the viscosity of the original liquid. However, when the vapour pressures of bubbles 

containing volatiles exceed the pressures exerted from the over1ying lava, the effective viscosity of the 

lava is increased. This increase is concomitant with decreasing lava temperature within the carapace 

resulting in increasing yield strength and the lateral restraint of advancing lava. 

Thirdly, what controls the differences in the flow behaviour of lava creating domes and flows? 

The effusion rate, eruptive volume and basal slope are the most important variables in contributing to 

the contrasting dome, coulee, and flow landforms for lavas of similar chemistry, temperature and 

inferred viscosity from lavas of the Okataina Volcanic Centre. The Panum Crater - Southern Coulee 

comparison is another example. In contrast, significantly greater crystallinity and vesicularity con­

tribute to the greater viscosity of the coarsely porphyritic lava with respect to the finely porphyritic lava. 

The FP lava has a flattened shape and is thinner than the more domical fractured flow carapace of the 

CP extrusion. The more viscous CP lava was impeded from lateral spreading owing to a rough basal 

topography while overiding and co-mingling with the FP lavas that were still partly fluid. 
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CHAPTER 9. 

CONCLUSIONS 

9.1. Introduction. 

Rhyolite lava flows have never been observed to erupt. Little is known about the rheological properties 

of rhyolite lavas. Thus flow behaviour can only be inferred from detailed studies of pre-historic 

examples. No physical volcanological studies have been done on lavas in New Zealand, especially 

rhyolite lava flows. In contrast silicic ignimbrites and pyroclastic deposits have been well documented. 

Also, no detailed physical profiling of peralkaline flows have appeared in the published literature. Thus, 

this study is a new contribution to physical volcanology, looking at a variety of physical parameters 

for rhyolite lavas of contrasting composition - calc-alkaline versus peralkaline. In contrast to North 

American examples, New Zealand rhyolitic flows and domes are poorly exposed. Therefore the 

rhyolites chosen were young, had sufficient carapace outcrop, fresh glass, and cross-sectional 

exposure. Thus, this study will contribute to the data accumulated by some North American vol­

canologists from better exposed rhyolite lavas. Information derived from detailed physical volcanologi­

cal studies is pre-requisite in deducing emplacement history and inferred viscosity for two different 

rhyolites from New Zealand. This information is important as rhyolite lavas, common in the Taupo 

Volcanic Zone and Coromandel Volcanic Zone, will erupt in the future, and are potential volcanic 

hazards in populated calderas such as Rotorua or Taupo. 

Results will be summarised including the contrasting of the emplacement modes for Mayor Island and 

Ben Lomond lavas respectively. Finally, the possibilities for future work are briefly listed and the 

significance of studies of silicic lava flows is stated. 

9.2. Ben Lomond - an overview 

A flow stratigraphy for the Ben Lomond flow was assembled from three main sections (roadcut, airstrip 

and scarp) that collectively cut the upper 60 m of the flow stratigraphy, comprising: finely vesicular 

pumice (carapace); obsidian (the upper two units cut by an explosion breccia); a transitional spherulitic 

layer; and a central crystalline rhyolite. Flow banding from the deeper parts of both flow lobes dip 

toward the inferred circular vent, whereas near-surface carapace outcrops have a more variable dip 

direction. The flow carapace is poorly preserved. The roadcut section represents a lateral section 

across a flow ridge cut by an Inverted cone-shaped exposure of explosion breccia. The scarp section 

penetrates two thirds of the inferred thickness of the Ben Lomond flow. A pod of pumiceous explosion 

breccia occurs above the rhyolite core and transition layer at a depth of about 30 m. 

Methods from the physical volcanological studies of pyroclastic rocks, were adapted and applied to 

produce profiles of the textural characteristics of the Ben Lomond flow. A suppression of vesicularity 

occurs below about 1 o m. The long axes of primary vesicles of high aspect ratio are parallel to the 

direction of flow. Voids of lower aspect ratio in the carapace have long axes perpendicular to the flow 

direction, from local foaming during flow on sudden removal of confining pressures. Void aspect ratio 
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and volatile content are anomalously high in the explosion breccia pod. Also, secondary spherulite 

proportion and diameter are greatest beneath the breccia pod suggesting late-flow migration of 

volatiles from a crystallising rhyolite core. Flattened lithophysae in the rhyolite layer indicate plastic 

deformation during flow above the brittle glass transition temperature. Rod-like microlites are of similar 

length throughout the flow as they formed during magmatic ascent within the conduit prior to flow 

emplacement. 

Subsurface evidence (via microlite shape) points to a rising water saturated liquidus, increasing 

undercooling and the degassing of an originally hydrous magma that collapsed from an inflated foam 

in the upper part of the conduit prior to emplacement. Effervescence in the carapace occurred during 

flow: groundmass crystallisation in the central rhyolite layer during late-flow and cessation stages 

triggered explosion breccia formation. Spherulites formed at and below the glass transition tempera­

ture (approximately 670°C). 

The uniformity of major and trace element chemistry in the obsidian layer supports the hypothesis that 

this unit best represents the chemistry of the original lava. The dense obsidian layer is least affected 

by isobaric crystallisation or groundwater metasomatism. Subtle variations occur between the 

obsidian, explosion breccia, and rhyolite layer chemistry. Late-flow migration of soluble trace elements 

formed a halo zone above the crystallising rhyolite core, consistent with variations in Na20, Cl, H20, 

and the development of secondary fabrics. Trace elements migrated by diffusion and in vapour phase 

between temperatures of 700 - 500°C over an estimated period of at least 16 years. The solubility of 

salts in hot water is a poor approximation to the mobility of large ions. Thus, at supercritical 

temperatures, transport as complex ions in dilute vapour-phase solutions containing Na, F, and Cl is 

favoured. Enrichments occur in the explosion breccia pod and the unconsolidated pumiceous matrix 

of the uppermost carapace for Al2O3, Ba, Zn, and Zr. These enrichments are not reflected in the 

explosion breccia of the roadcut section within the flow carapace. Enrichments for the porous, 

unconsolidated pumiceous fabrics occur owing to large surface area/Volume ratios and short diffusion 

path lengths for the adsorption and migration of ions via low temperature groundwater metasomatism. 

Thus, it is difficult to distinguish between the effects of secondary high temperature deuteric migration 

of volatiles, and low temperature metasomatism. 

In order to generate a semi-quantitative viscosity profile, the method of Shaw {1972) which empirically 

relates chemical composition to the viscosity of the original liquid was used. No general model for the 

rheology of dispersive systems in terms of size, shape, rigidity, and number/density distributions of 

inclusions (as crystals or gas bubbles) currently exists (Wilson et al. 1987). The Ben Lomond obsidian 

is aphyric and hence crystals did not contribute to the effective viscosity of the lava. The presence of 

bubbles as suspended spheres increases the effective viscosity and is estimated via Sibree (1933), 

Shaw (1965), or Murase et al. (1984). In conjunction with a thermal model adapted from Manley (1989), 

the viscosity increases by 2 - 3 orders of magnitude within the upper 10 - 15 m of the flow stratigraphy 

coinciding with the large thermal gradient. The estimated log10 viscosities (poise) of the magma in 

the chamber and inflating foam in the upper conduit are 7 and 11-12 respectively and is 11 for the 

central part of the flow during emplacement. 

163 



The emplacement model developed for the Ben Lomond flow was applied to the devitrified Pauanui 

flow lobes of Miocene age and the flow stratigraphy and rheology of the Okataina Volcanic Centre 

flows was deduced. For the Waiti flow, three methods for estimating flow viscosity were compared. 

While the methods gave broadly comparable results between 1010 - 1012 poise, the morphological 

and surface fold analyses were less reliable owing to difficulty of accurately estimating parameters 

such as flow thickness and carapace thickness. 

9.3. Mayor Island Flows. 

In contrast to calc-alkaline lavas, the pantelleritic flows of Mayor Island have a different flow morphol­

ogy. Lava ponded within a tuft ring (Panui), formed distally tapering flow sheets ( Pre-8 ka and 8 ka 

flows), or thin flow lobes (intracaldera lavas). The flow stratigraphy comprises: finely vesicular pumice; 

upper obsidian; central rhyolite; lower obsidian; and a basal breccia sequence above a pre-flow tuft. 

Flows are typically thin ( ~ 50 m ) , with a steep basal slope. None of the Mayor Island flows have 

explosion breccia fabrics, or any significant spherulitisation or lithophysae. For the 8 ka flow, spill-back 

of the lava occurred down the caldera wall toward the inferred vent fissure, and a fused basal lapilli 

support a spatter-fed emplacement mode. Parekoura Point is a distal carapace section with compres­

sional obsidian flow ridges that curve around the point, and dip inland indicating primary flow 

directions. Brecciated rhyolite correspond to synclines and possible superimposed tension cracks. 

Anticlines are compressed into spines suggesting significant shortening of the carapace during cooling 

over a large thermal and viscosity gradient. Finely vesicular pumice occurs as an angular breccia in 

troughs between the ridges. 

In contrast to Ben Lomond, void aspect ratio is lower in the flow pumice. More bubbles occur in the 

upper obsidian indicating a less viscous magma by analogy to the distribution and morphology of 

vesicles in the alkali basalt flows of Hawaii (cf. Aubele et al. 1988; Walker, 1989). Water contents are 

also very low, averaging 0.05%. Gravity Instability occur between the upper rhyolite and the upper 

obsidian layers as elongated zones of brecciated and vesiculated rhyolite parallel to flow ridges. Thus 

devitrification (or isobaric crystallisation) of the rhyolite layer commenced at high temperature while 

the flow was still moving. For the 8 ka flow, the basal breccias have tapered clasts of high aspect ratio 

(Re = 5), are re welded and have no matrix, suggesting a high flow temperature and large basal thermal 

gradient. The fusion of the upper 0.2 m of the basal tuft and the presence of charcoal in the 8 ka fall 

lapilli support basal flow temperatures of at least 300°C. Microlite length increases upward within the 

basal obsidian layer in the caldera wall section and is lowest in the finely vesicular pumice layer. The 

downward increase in microlite length within the upper obsidian layer suggests two possibilities: that 

the microlite length is affected by the post-emplacement thermal history of the flow; and that the 

viscosity of the flow was low enough to permit microlite growth via diffusion. Length variations within 

the upper obsidian layer profile compiled from Parekoura Point may reflect the overturning of the upper 

flow stratigraphy. The main difference between the calc-alkaline emplacement history of Ben Lomond 

and the Mayor Island model is microlite growth during flow, high temperature Isobaric crystallisation 

during flow, and a spatter-fed emplacement mode. 
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Major element chemistry is significantly different from Ben Lomond - Na + K / Al > 1 and Na and K 

as silicate bond breakers assist in lowering the polymerisation of the melt. A minimum estimate for 

the water content of the 8 ka lapilli is 0.4 % prior to the emplacement of the 8 ka flow, whereas the 

water content of the flow obsidian is 0.05 %. Quenched basaltic xenoliths in both the s ka and Pre-8 

ka flows support a low water content for the Mayor Island magma. Central flow temperature Is 

estimated as approximately 950°C. Supportive evidence is from partial remelting of microlites when 

samples are heated to 1000 and 1050°C. This temperature approximates to the "no oxide" field of 

Nicholls and Carmichael (1969). When heated in a furnace powdered samples and obsidian blocks 

fuse and inflate respectively, followed by viscous deformation. Thus, for Mayor Island lavas, microlite 

length variations, vesiculation and vesicle collapse at surface pressures can occur within the time frame 

of emplacement. 

Chemical variation in major and trace elements Is pronounced between the obsidian and rhyolite 

layers. Depletions and enrichments correspond to a halo zone or front in the upper part of the rhyolite 

layer. Variations are more significant than for Ben Lomond as a and F is more concentrated in a lava 

containing 2 - 1 0 times less water. Sr concentration is most susceptible to seawater metasomatism. 

Estimates of viscosity are 3 - 4 orders of magnitude lower than Ben Lomond because the melt is less 

polymerised and the emplacement temperature is ~ 1 so°C higher. F and a contents of 1000 and 

1600 ppm respectively are less significant in promoting lower flow viscosities. Flow rheology was not 

sufficiently fluid to cause variations in size and concentrations of phenocrysts for the Panui flow via 

crystal settling (cf. Rowland and Walker, 1988). 

9.4. Contrasting modes of emplacement: Mayor Island versus Ben 
Lomond 

A schematic model for successive stages of rhyolite flow/dome emplacement is illustrated in Fig. 9.1 

for both Ben Lomond calc-alkaline and Mayor Island peralkaline rhyolites. 

Apart from the main lines of evidence for the spatter feeding of the Mayor Island flows - namely fusion 

of the upper part of the basal tuft, spill-back down the caldera wall and distal thinning down steep 

topographic slopes, convincing examples of spatter or agglutinate have not been observed. Of the 

flows studied, no distal basal exposures were available for study, where spatter may occur. Spatter 

may have rehomogenised within the basal obsidian layer at the proximal caldera wall sections. The 

tapered clasts in the fused layer of the fall lapilli may be the remains of spatter or represent the fusion 

and rheomorphism of the fall lapilli caused by the high temperature 8 ka flow that erupted shortly 

afterwards. 

There is no evidence of the 8 ka flow emplacing en-masse from the central caldera vent, as no 

vent-funnel pyroclastics outcrop on the caldera wall. The spilling of lava down the caldera wall could 

not have occurred after the down-dropping of the caldera floor as no evidence of brittle or plastic 

dislocation of the a ka flow occurs. Therefore, the lava must have erupted from a fire fountain from a 

northeast trending caldera fissure. Most of the spatter fell on the caldera rim and remobilised as a 
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distally tapering sheet over an arc of 90° from Halls Pass to Pighunters Pass. All evidence of the original 

fragmental nature of the eruption has been obliterated by rehomogenisation and the flow became 

overthickened on the caldera rim and spilled back down the caldera wall during mid-flow stage. 

The contrasting morphology of the intracaldera lavas - namely a pile of overlapping lobate flows, results 

from a highly vesicular carapace up to 80 % porosity and 10 - 15 % phenocrysts of 1 mm average 

diameter. The average effective viscosity of the carapace of flow 2d is similar to that calculated based 

on flow shape from the method of Hulme (1974), Zimbelman (1985) and others. Thus the viscosity 

boundary between a spatter-fed pantelleritic sheet and a lobate flow is approximately 1 o8•5 - 1 o9 poise. 

Three flow emplacement models have been postulated for calc-alkaline rhyolite lavas. Firstly, Fink 

(1983) proposed that the earliest emplaced lava contained the highe~t volatile content and was 

over-ridden by less volatile-rich obsidian lava. This model was based on carapace and flow-front 

exposure. Secondly, Eichelberger et al. (1986) proposed the emplacement of rhyolite lavas as a 

collapsed foam although did not discriminate between different vesiculated lava textures. Thirdly, 

Manley and Fink (1987) proposed that volatiles are released via microcracks from the interior of 

advancing flows and become trapped below a rigid carapace. From studies of Inyo drill holes, model 

1 seems less plausible as the coarsely vesicular pumice does not extend to the base of the flow. From 

observations of diapir spacings of coarsely vesicular pumice both models 2 and 3 are supported (Baum 

et al. 1989). 

Observations from variations in vesicularity, water content (H2O+), and trace element variations 

support a modified version of model 2 plus model 3 as best representing the emplacement of Ben 

Lomond flow. However, the scarp exposures show that the explosion breccia occurs as a pod, not 

as a continuous sheet such as the coarsely vesicular pumice of Inyo domes. In addition, the explosion 

breccia was emplaced after flow cessation. The presence of primary voids in the obsidian margin 

surrounding the explosion breccia pod constrains the formation of the pod after the flow stopped 

moving but while the interior was still plastic. No primary voids exist in the explosion breccia/obsidian 

contact within the roadcut section, suggesting emplacement after the flow stopped moving and after 

cooling of the carapace through the brittle glass transition temperature. The formation of the explosion 

breccia was driven by pressure release via tension cracks. In contrast, at the Inyo domes, Taylor 

instability of the coarsely vesicular pumice and overturning of the upper flow stratigraphy occurred 

both during and after flow as evident from elongate and circular outcrops respectively. Thus the flow 

viscosity of Inyo domes is lower than the Ben Lomond flow. 

The emplacement of Ben Lomond occurred as a degassed deflated foam prior to extrusion from the 

vent. Voids were flattened and elongated within the upper part of the conduit. According to Henry et 

al. (1989, p.269) "a wet rhyolite, initially at 750°C is thoroughly degassed upon eruption and is emplaced 

some 300°c below the rhyolite solidus. Magma may emerge in a semi-solid condition in addition to 

being highly viscous owing to low temperature emplacement conditions." Firstly, the water-saturated 

liquidus at 1 MPa has not been measured. Crystallisation experiments under pressures less than 8 

bar and realistic water contents of approximately 0.2 % have not been performed owing to a time-lag 
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in crystallisation. The solidus is unknown and the glass transition temperature is also poorly known. 

Magma may emerge below the solidus (50°C below solidus estimated for Inyo domes, Swanson et al. 

1989) and behave as a Bingham plastic prior to brittle failure below the glass transition temperature. 

Platy obsidian clasts in the carapace of the Ben Lomond flow show plastic deformation prior to brittle 

failure, and bubble walls have been deformed by inflation during sudden overburden release or local 

foaming due to volatile migration from within flow. 

9.5. Possibilities for Future Study and the Significance of Studying 
Rhyolite Lava Flows. 

Some possibilities for future work include: 

a. detailed longitudinal and cross-sectional profiling of the physical and chemical characteristics of 

pre-caldera lavas of the northeast or northwestern shield segments of Mayor Island; 

b. isotopic tagging (via oxygen or hydrogen isotopes) of the water contents of carapace pumices 

and explosion breccias to separate the relative effects of secondary deuteric volatile migration 

and groundwater metasomatism for vesicular samples; 

c. more sophisticated laboratory experiments to model crystallisation, viscosity, solidus and glass 

transition temperatures for the Ben Lomond obsidian; 

d. constructing a viscometer for testing on rhyolite lavas; 

e. detailed measurements of void shapes, void population studies including using backscatter 

electron microscopy to better quantify lava flow textures. 

New eruptions of rhyolite lavas are only a matter of time (e.g. Long Valley Caldera, North America). 

Hence it is important for the nature of rhyolite emplacement to be investigated, particularly for young 

domes in active silicic calderas. 

This study could not be based on visual observation of active rhyolites. It could only be based on 

outcrops of pre-historic rhyolite lava and interpretations using a degassing model from the North 

American literature for calc-alkaline lavas. This study has generated an emplacement history from 

detailed physical profiling of poorly exposed rhyolite lavas and has inferred the rheological behaviour 

of lavas that have never been observed to erupt. In addition, the documentation of a post-emplacement 

sequence of events is strengthened by chemical profiling, which, together with textural variations, 

record secondary migration of volatiles. Parameters were found that may approximate the form of the 

viscosity and temperature profiles which cannot be determined independently, at least for the Mayor 

Island and Ben Lomond lavas. Such studies involving the quantifying of flow textures provide a greater 

understanding of flow behaviour, and ultimately, volcanic hazards in active rhyolitic volcanic centres. 

While less dangerous than ignimbrite eruptions, volcanic hazards for slow moving viscous rhyolite 

lavas become greater as flow length increases such as explosion pit formation, and the generation of 

pyroclastic flows from flow front collapse. 
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ABSTRACT 

From a terrestrial perspective, the nature of 
volcanic deposits on other planets is reviewed. The 
viscosity of extra-terrestrial lavas, calculated from 
flow morphology, gives an insight into lava 
composition. Ultimately, the range of lava types and 
their volcanic landforms provide insights into 
planetary evolution. 

Introduction 

Volcanic activity is a fundamental mechanism of heat loss from 
planetary interiors. The nature and stratigraphy of ancient 
volcanic deposits provide~ insights into: 

1. The relation of volcanism to tectonism (internally derived 
deformation); 

2. eruptive style; and 

3. chemistry and volatile content. 

The distribution and types of volcanic lavas and airfall 
deposits from currently active or extinct centres, gives an 
indication of the thermal and evolutionary state of a rocky 
planet. Volcanic deposits on planetary surfaces are either 
fragmental explosion-derived pyroclastic deposits (eg. volcanic 
ash), or effusive lava flows. 

Lava flows on Earth have a range of compositions from low­
silica fluid basalt flows of high length/height or aspect 
ratio, to high-silica viscous rhyolite flows of low aspect 
ratio. The properties of volcanic rock types, their origins 
and tectonic settings are listed in Table 1. 

* Based on a paper presented at the 1987 Top Half Symposium, Rotorua. 
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Active basalt flows are usually fed by lava tubes (Greeley, 
1987) where the hot molten lava is insulated by a chilled crust 
of vesicular blocky lava. An experimental analogy is a fluid 
clay slurry flowing down an incline. Rhyolite lava eruptions 
form short lobate flows with steep flow edges and may be 
modelled using a stiff water-poor clay slurry, or by squeezing 
thick honey out of a small opening. A relationship therefore 
exists between lava composition, morphology (eg. aspect ratio) 
and viscosity. By calculating the viscosity based on the 
morphology of arrested flows, the composition of the lavas on 
other planets can be deduced. Ancient flow deposits are 
observed on the surfaces of many planets. Although samples are 
not available for detailed study, volcanism on the terrestrial 
planets, including Io and the ice moons reviewed, provide 
insights into planetary evolution. 

Viscosity of Lavas 

The viscosity of lavas on Earth may be either measured on 
active flows in the field, or performed on samples under high 
temperatures in the laboratory. A more convenient method is 
calculating the viscosity based on the morphology of arrested 
flows (Hulme 1974) where terms for density (P), flow thickness 
(h), width (w) and basal slope(&) may give yield strength (Y) 
by the following formula: 

Y = pgh sin & (1) 

Yield strength is the resistance to deformation of the 
restraining lava skin or carapace. 

Effusion rate (F) may be estimated incorporating a 
thermal diffusivity (K) and flow length (L) by the 
equation: 

F = 300 KW/Lh 

term for 
following 

(2) 

Using equations· (1-) and (2), viscosity (n) is, for channelised 
flows, as is often the case for terrestrial basalts 

n = w3 Y sin 2 &/24 F (3) 

and for non-channelised flows as for terrestrial rhyolite flows 

(4) 

The • above ·equations can be used to calculate the viscosity of 
lavas on other plane.ts. Flow dimensions, using photo­
interpretation methods ·(Moore et al. 1978), which include 
shadow length estimate _to··-··establish flow thicknesses, are 
subject to the image resolution of unmanned probe photographs. 
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Lunar Volcanic Deposits 

Large low-relief flood basalt flows up to 1200 km length with 
flow-edge scarps 10-35 m height (Schaber, 1973) are associated 
with and fill giant impact basins (Fig. 1), suggesting very 
fluid lavas of low viscosity. High mass eruption rates are 
suggested by the extreme length of some lava flows and sinuous 
rilles, requiring fissure systems with widths of up to 10 m 
(Kaula et al. 1986). 

This appears to be consistent with a lunar tectonic regime 
dominated by extensional fractures associated with the major 
impact basins. The eruption of lunar basalt lavas appears to 
be impact generated. Lunar basalt lavas show textures 
consistent with fairly rapid near-surface crystallisation of 
silicate melts (Lofgren et al, 1975). Large calderas are not 
expected on the moon. Calderas are formed by collapse or magma 
withdrawal into shallow chambers but lunar basalts probably do 
not accumulate in such chambers (Head, 1976). Unlike 
terrestrial basalts, lunar basalts contain no detectable water 
(BSVP. 1981). This implies that the vi~cosity must be 
different from Earth's volcanics of comparable basaltic 
materials or that the original lava temperature must be 
correspondingly higher. This is one of the reasons why there 
is no modern active lunar volcanism. 

lrlars 

Mars shows a range of volcanic landforms, from flow plains 
(associated with Tharsis and Elysium) comprising flows hundreds 
of kilometres length and 10-80 m thick, to huge basaltic 
shields like Olympus Mons. The shield flanks contain coalesced 
pits and embayments inferred as the source of large quantities 
of lava forming fan-shaped flow arrays on lower slopes. The 
middle and upper slopes have a fine radial fabric caused by 
long thin flows and lava channels (Carr, 1984). 

Inferences can be made about the composition of the flows from 
their shape, spectral reflectance data and composition of 
weathered debris at the Viking landing sites. Most data 
suggest that th·e flows are basic ( low silica) and iron-rich. 
Moore et al. (1978) showed that the yield strength of a flow is 
dependent on local slopes and suggested that Martian flows are 
more akin to terrestrial basalt than more silica-rich andesites 
and rhyolites. The presence of lava channels and levees 
(lateral flow-edge ridges·) and their ext"reme length suggest 
that they have rheologic properties similar to basalt. 

Flow morphology has provided estimates of viscosity from 6.4 x 
10 6 to 2.1 x 10 9 poise (poise: cgs unit of viscosity) for flows 
on Ascraeus Mons (Zimbelman, 1985). These are interpreted as 
more highly evolved basalts. Theilig and Greeley (1986) noted 
festoon and pressure ridges on some flows. Using a method for 
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calculation of viscosity from ridge spacing (Fink and Fletcher, 
1978) they derived a value of 10 9 poise for the interior of 
these flows, inferring a high viscosity basalt owing to a high 
crystal content or cooler emplacement temperature. Cattermole 
(1987) deduced high effusion rates calculated from Alba Patera 
shield lavas of 5 - 1610 x 10 3 m'/s for earlier flows. 

Other volcanic features present include small cones < 1 km 
size, cinder cones (Frey and Jarosewich, 1982), a young-airfall 
deposit at Hecatus Tholus (Mouginis-Mark et al., 1982) and 
possible welded ash flow deposits (ignimbrites) (Scott, 1982). 
On Earth, ignimbrites are derived from vents that have 
collapsed to form calderas. Silicic lava domes usually form 
within or around the edge of the calderas (Cas & Wright, 1987). 
Such structures occur at continental subduction centres. 
According to Francis and Wood (1982), the identification of 
Martian ignimbrites by Scott and Tanaka (1982) is speculative 
and unfounded. Coulon and Thorpe (1981) suggest that the 
presence of granitic continental crust at least 25 km thick is 
essential for the production of large volume ignimbrites. The 
apparent lack of such large-scale silicic volcanism (>100 
1000 km 3 ) on Mars is circumstantial evidence that Mars is 
deficient in volatiles and lacks a granitic crust. 

Venus 

Venera lander imagery shows surficial plates with polygonal 
vertical fractures, interpreted by Garvin et al (1984) as being 
analagous to terrestrial ropy basalt flows. Lava flows have 
been identified by Head and Wilson (1986) from low resolution 
Arecibo radar images. They predicted that shield volcanoes 
should be wide (several hundred km across) but low (<2 km 
high), as a larger temperature gradient exists and consequent 
shallow magma chambers. High atmospheric pressure (90 times 
Earth's) may retard bubble coalescence of magmas, making 
explosive volcanism unlikely. 

Io 

Active volcanism on Io was discovered during the Voyager fly­
bys of 1979. Umbrella-shaped plumes up to 300 km high with 
ballistic velocities of 500-1000 m/s (Strom et al., 1981) were 
derived 'from low-relief caldera-like structures (Fig. 2). 
Smith et al., (1979a, b) and Sagan (1979) interpreted the lava 
flows associated with the calderas (eg. Ra Patera) as being 
entirely sulphur. However, Young (1984) argued, from precise 
colour interpretation, that no sulphur flows occur on Io and 
that the dark hot-spot caldera lava lakes are basalt. Although 
sulphur has been positively identified on Io, Carr (1986) 
believes that sulphuro-silicate volcanism is more likely,. with 
a dominant silicate component, thus being able to support steep 
caldera scarps 2 km high (Clow & Carr, 1980_). 

McEwen and Soderblom (1985) have found hot-spot temperatures 
more consistent with liquid sulphur (perhaps ponding over a· 
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silicate magma) with albedos and colours best matching 
sulphuro-silicate mixtures. The low albedo hot-spot areas 
appear to be lava lakes. Carr (1986) states that the implicit 
assumption made by McEwen & Soderblom is that the lava lakes 
are active and that the 400-600 K temperatures are too low for 
basaltic lavas. However, even if the lava had a chilled 
surface basaltic skin, temperatures may still be too low to 
support Carr's basalt-lake model. 

This controversy may be resolved when Galileo orbits Jupiter's 
moons some time after 1992. 

A number of icy satellites show evidence of resurfacing. The 
most reasonable explanation is that the process was derived 
from within the body (Squyres and Croft, 1986). Ammonium 
hydrate melts of low viscosity (-10 2 poise), ascend via cracks 
to flood the surface (Stevenson, 1982). 

Generally flow margins are difficult to observe because of the 
low resolution of the Voyager imagery (Allison & Clifford, 
1987). 

Resurfacing brine, slu~h or warm ice allows a wide range of 
estimated viscosities from 10- 2 . poise (water) to 10 15 poise 
(ice, near melting) (Squyres & Croft, 1986). Smith et al (1986) 
identified possible flow features on Miranda (Fig. 3). Using 
equations 1, 2 and 4, (where pis assumed to be 0.93 g/cm 3 , K = 
2 x 10- 7 m2 /s ~ = 0.039 m/s 2 ), viscosity is calculated as 
approximately 101Y poise, comparable to terrestrial glaciers 
(Selby, 1985). This value is similar to that inferred by 
Stevenson and Lunine (1986) who predicted short thick flows. 
They deduced that pressure solution creep (T <100 K) ?ccurs in 
which very fine grained water ice or clathrate (-X.6H20; X 
CO, N2 , CH4 ) is mobilised by small amounts of intergranular 
cryogenic fluid (CH4 , CO or N2 ). The presence of ices 
contaminated with low melting point condensates like NH 3 and 
CH, may have prolonged interior thermal activity and tectonic 
evolution for the small icy moons (Stevenson, 1987). 

Summary 

The viscosity of lava flows on the Moon and Mars can be 
calculated from an expression based on the morphology of the 
arrested flow (equations 3, 4). From the viscosities, the 
nature of the lava can be elucidated. Lunar flows are impact 
generated, filling impact basins. Martian flows are derived 
from magma chambers- and are typically more evolved with 
characteristically higher inferred viscosities. Image 
resolution is poor for Venusian flows,- as.well as the icy flows 
responsible for flood resurfacing of the outer Solar System 
moons. 
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Table 2 shows a summary of volcanic landforms and deduced lava 
types, based on morphological calculations of lava viscosity 
for Moon and Mars and inferred for Venus, for Io and for the 
ice moons. Table 2 shows a much greater variety of terrestrial 
volcanic lava types as compared with the narrow compositional 
range of luna lavas. Lava compositions can provide a probe 
into the interior of a planet, and from the landforms and their 
stratigraphic relationships, the thermal and evolutionary 
history of planets can be deduced. 

Crater ages and radiometric ages (from Apollo samples) suggest 
that the Moon has the oldest surface of the terrestrial 
planets. Lunar basalts are old (3.8 - 2.5 billion years before 
present) and form a small proportion of the lunar surface (Fig. 
4a). Lavas are impact generated and water is absent. 

Mars, being larger (lower surface-area/volume ratio), retained 
more heat and was able to - in addition to mare-style impact 
generated volcanism - show three phases of hot-spot volcanism: 
Hellas, Elysium and Tharsis (Tanaka, 1986) (Fig. 4b). Mars 
shows magma-chamber derived volcanism with large shield 
volcanoes composed of finge~-like basaltic flows of higher 
viscosity, and less primitive magma compositions are inferred. 

Venus shows a range of unusual tectonic features including 
ridge and groove terrain with horizontal and lateral 
deformation (Barsukov et al., 1986; Basilevsky et al., 1986). 
Volcanic features so far identified have been of poor 
resolution, but the products of volcanism are interpreted to be 
widespread (Head, • ... 1986) . 

• -·in contrast to the Moon and Mars (Figs. 4a, 4b), -70% of the 
Earth's surface is ocean floor basaltic crust (0 - 180 million 
years age), -30% being older continental crust (Fig. 4c). Also 
compared to the other planets, Earth has the greatest range of 
volcanic landforms and lava types. Active continental-arc 
volcanism (eg. Taupo Volcanic Zone) is expressed by a range of 
evolved lava types (eg. andesite, dacite, rhyolite) derived 
ultimately from partial melting of a subducted plate (Gill, 
1981) or the inclusion of recycled continental crust (eg. Kay 
1980, Hoffman and White, 1982). As these lavas are unique to 
Earth, this indicates that the Earth has the greatest tectonic 
and crustal evolution, and consequently greatest internal 
differentiation of the terrestrial planets. 
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Origin 

Tectonic 
setting 

SiO % 

Temperature 
t c0 c) 

Density 
g/cm 3 

Yield 
strength 
Y (Pa) 

Viscosity 
n (poise) 

Aspect 
ratio (L/h) 

Flow rate 
m• /s 

Silicate 
structure 

Silicate 
composition 

TABLE 1: 

TABLE 2: 
(next page) 
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TABLE 1 ----

Basalt Andesite Dacite Rhyolite 

Partial melt partial melt of subducted plate+ 
crustal contamination. 

Subduction Subduction zone - continental 
zone hot-spot volcanic arc. 
mid-ocean 
ridge 

45-52 

1000-1200 

2.6-2.7 

102 -10• 

100-3000 
high 

100-5000 
high 

single Si0-1 -

olivine, 
plagioclase -
discrete 
crystals 
phenocrysts + 
ground mass. 

Distinguishing 
rock types. 

57-63 63-68 

950-1200 800-1100 

2.4-2. 5 2. 3 

10• 10• -10 5 

10 7 -10 8 10 9 

300-100 50-5 

70 

700-900 

2.2-2.3 

101 0 -1012 

<50 flows 
<10 domes low 

0.3-20 
low 

long chain 
-Si-0- polymers 

phenocrysts 
and metastable 
glass 

features of terrestrial volcanic 

Summary of volcanic land forms and inferred lava 
types present on the terrestrial planets, Io and 
the ice moons. 
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TABLE 2 

VOLCANIC LAND FORM 

Flood Sinuous Shields Cones Tuff Stratovolcanoes Calderas Domes 
flows in flows rings 
impacts 

Moon J J X X X X X X 

Mercury J J X X X X X X 

Mars J J J J ? X X 

Venus J J J ? ·1 X coronae X 

Earth J J J J J J 

Io covered J J X J X paterae X 

Ice moons: flood resurfacing, flows associated with faults and rifts. 

LAVA - TYPE. 

Basalts Alkali basalts Andesites Rhyolites Sulphuro-silicate Ice+ NH 3 .H 2O 

Moon 
--
Mercury 
---
Mars 

Venus J J ? 

Earth J J J J 

Io J ? - - J 

Ice moons - - - - - J 

--, ,, 
~ 
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Fig . 1: Sketch of a small part of Mare Nectaris (from an 
observation made on 9/9/86), showing superposition of 
geological units . The older craters [Catherina (Ca), Cyrillus 
(Cy), Fracastorius (F), Beaumont (B)) impacted onto Nectarian 
basin inner deposits (primary ejecta and ring materials) - 3.92 
b . y . age. The inner edge of Cyrillus and Catherina partly 
defines the middle ring scarp of the Nectaris impact . The 
Altai scarp (AS) is the outer ring . Old basalts at the centre 
of Nectaris were covered with 3 . 8 - 3 . 3 b . y. basalt flows 
related to the huge Imbrium impact - 3.8 b.yrs . ago , post­
dating Nectaris. These basalts flooded old craters such as 
Fracastorius and Beaumont. Compressional wrinkle ridges (wr) 
formed on the mare basalt plains at this time. About 2 b . y. 
ago, Theophilus (Th) impacted , obliterating a former Nectarian 
crater and destroying the edge of the older Cyrillus . 

Next page: 
Fig . 2 : Ionian volcani c landscape ; a painting by R. Stevenson, 1984 . 
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Fig. 3: 

4. Q, 

SOUTHERN .'iTAUS 

Possible flow features (stippled) in the grooved 
terrain of Miranda (based on Smith et al., 1986). 
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Fig. 4: Crater flux(~) and proportion of surface terrain 
(st) vs. age of geological units for the Moon (4a), 
Mars (4b) and Earth (4c). 

Footnote: 4a ct 
4b cp 

up 
op 

4c tr 
OFB 

cratered terrain (Imbrium and prelmbrium) 
cratered plains HV = Hellas Volcanism 
upland plains EV= Elysium Volcanism 
outwash plains TV= Tharsis Volcanism 
continental terrestrial rocks 
ocean floor basalt 
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APPENDIX I[ 

ORV DSNS ('f''i /I.NT) PORO&ITY PE'I"-RMIMA'?!ONS 

BEN LO~'.O.,:l p 
site 1 i Lh.110.;,Y ,10. 1s H. 1s Pi. is 
s7 c,,1•,;.,;ace 25 2.02 0.14 3.97 3.11 11.72 5.99 

ph,tes 

s7 Cbr2a;_:iace b 1.j) 0.14 40.07 5.28 40.57 j.j2 
;;>U::-.ice 

s7 Lo .. density (4) 1.27 :J.02 44.40 3.68 45.30 2.55 
hi,;;:. de,,;;ity (4) 1 . 52 0.03 35.74 1.22 35.d3 0.84 
pu:~ice 

II ve:o::.cular 4 1. 97 0.06 9.97 1 .l.l3 16.27 2,40 
clec.sts 

II ,£r;;y obs cl 
( ex;,l. Dr) 

3 2.21 0.06 .'..),55 2.44 6.09 2.59 

" bro·nn 7 2.26 0.03 4.72 2.70 4.18 1.jO 
pe!'lite 

" spb.erulitic 14 2.16 0.07 7.46 3.21 7.59 2.85 
obsidian 

" ex;losion 9 1.82 0.05 21. 26 2.15 2;,:.57 2.09 
breccia 

s11 grey lin. 10 2.35 0~002 0.08 0.03 0.15 0.10 
obs 

s11b spherulitic 8 2.20 0.035 5.68 1.64 6.62 1.47 
obs 

s10b spherulitic 9 1.88 0.01 18.83 5.38 19 .. 99 4.19 
obs 

s16 Rlf.i 11 2.21 0.05 10.66 2.02 6.01 2.08 

s6 RHY 11 2.28 0.03 7.60 0.93 3.05 1.09 

s1 black obs 6 2,35 0.003 . 0,09· 0.02 0,49 0,44 

" flecked obs , 13 2,33 0.005 0,14 0.06 1.12 0.22 
ti black obs 5 2,34 0.015 0.83 0.76 0,84 o,67 

" spherulitic 5 2,31 0,04 7.95 1 .41 5,96 1,59 
006 

" spherulitic 6 2.10 0.04 12.05 2.11 10.82 1,58 
obs 

" (TZ)brown glass 7 2.29 0.04 3.07 2.64 2,68 1.87 

s1-s brown 8 2,33 0.02 0.16 0.09 1.18 0,64 
(TZ) 91ass 

1\ = (llsat - 14dr/';,) I Vt X 10~ p2 = (- t.ldry/Pg) + Vt /Vt X 10~ 

p1 = apparant or effective porosity. Values are usually lower than P2 
( true porosity) as interior voids· are not saturated, 
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M4'fOR ISLAND. 

TOICOMA'l'A POTH'!' P~NUI F'L.Olif 

u11if sih htiJJ,-f/,.,) i8 .!s p is no. 

~VP Z'J ·1 .2 1 .61 J.~1 -:.,5. jj 11 .l1j 10 
E'Vr s1 0.2 1.77 J.Oj 211.0b j.00 ~ 

GB.:; 8~ o.B 2.20 ~-). )~~ 2.11jj u.89 j 

OBS "' 1.8 2. 3 1 :.;. _._,3 2.11G.:S u.8':i .5 -~ 
03[:' s!, j.L1 2.30 J . ..:3 0.85 0.61 ti 
0-."' . ~ s5 4.0 2. 4-1 ~-~2 0.642 0.42 6 

03~ c, 5 .I~ 2.41 c. _:,J6 G.2/ 0.1 '.) E, 

U .GBSi:;7 ,.75 2.42 J • ..;J~ 0.266 U.O_:; 6 
U.i..iBSs1! 7 .1 C 2.40 C,. ~-Jj o.~6~ 0.16 4 
U.OBSs9 /.90 2.4J J.086 ~.-3:3 1. 67 7 
U ,OBSs1; b.20 2.40 C.JJ7 ~-24 0.90 7 

Rn-Y s1: d.80 2.35 o.J25 9.51 0.51 5 
RHY R1 1 o.o 2 .31 0.053 10.70 1. 7.:; 7 
RHY R2 11.15 2.33 0.036 9.62 0.75 10 
RHY R3 12.60 2.33 0.014 10.34 1 .14 6 

T13 TOKOMATA PT 

FVP E1 1.80 1.57 0.05 33.95 3.03 6 

FVP s2 2.75 1.50 0.25 34-87 12.74 8 

OBS s3 4.30 2.39 0.29 1.44 1 .19 5 

RHY s4 5.35 2.39 0.028 7.93 1.04 6 

RHY R4 1 o.4 2.36 0.018 ·.10.69 0.82 6 

RHY B5 7.20 2.35 0.01 9.34 0.32 7 

RHY s5b 8.65 2.34 0.06 10.04 0.90 5 

RHY s6 10.4 . 2.376 0.0099 9.58 0.58 4 

RHY e6g 10.4 1.695 0.013 36.39 0.47 5 

TE MORE-0-IIOITERANGI 

OBS s1 0 2.362 0.014 1.22 0.65 6 
RHY E2 4 1.973 0.012 24.03 4.55 11 
RHY s.3 6.o 2.169 0.076 14_.03 2.12 4 
RHY s4 4.4 1 .992 0.024 23.03 1.23 9 
RHY s5 • 2.8 1.823 •" 0.06 30.58 2.34 6 
RHY E6 1. 2 2.015 0.14 25.44 11.78 7 



V 

OB::: E7 7,40(0) 2,0:;4 0,09 12,!ifi 1,76 5 
Q;j.; edu 0.1 2. ~1 :j 0,035 ';). (,1~9 1,59 6 

CBS sbb 0,5 2,406 0.003 '.). li.511 0,1 OJ 5 

OBS e';i 0,6 2,363 0,007 1,037 0,3i1 6 

Brt t:1 a 7,0 2,034 0,06 16.0.2 3,16 12 

BR f:11 7,0 1 .6~ 3 0,031 ~4.ld 1.93 s 
~uJllice 

BH(OBS) s12 10,d 2.405 0.004 0,244 0.09 ';) 

Ki E1j 1 o. 7 ~.086 0.09 1 2 • ;ij :5.23 C 

Brl s14 1.25 1-65 o.Ooj .:;1 ,97 3.86 8 

Cj!;1~'£:<,;L 'l'A...~aTI:lr:I U?i'~-< Pifo,-dka floVI 

Stfe. .fr,J,,;u~+ Jeiahl{tt) /5 .is f5 is flJJ. 

~ s1 FVP 0.20 1,0d 0.04 42.40 1.95 3 

s2 FVP 0.55 1.52 0.07 27.16 3.95 3 

s3 FVP 0.75 1.51 0.02 25.64 2.19 3 

s4 FVP 0.95 . 1.42 0.14 32.10 7 .17 4 

s5 ~.OBS 1.25 2.39 0.004 0.20 0.22 6 

s5bj 
s6 RHY 1.80 2.15 0.024 12.48 1.27 4 

s7 RHY 2.20 2.14 0.037 16.64 2.35 5 

s8 RHY 2.85 2.09 0.052 17.13 2.21 6 

s9 RHY 4.50 1.82 o.o69 31.06 3.02 4 

&m. s10 RHY 5.00 1 .91 0.088 27.71 3.61 5 

--- -- - - - - - - -- -- ---- - - - - --. 



PIGHUNTE~S P'-SS 8ASAL PRE-8.lce, f1 ow 

unit ¢t, lit1s_M Cm) p is ? 1s nf)JflJ.ar 

&:.sf!- -tlHf s1 -0.1 1 .59 0.006 .55.G~ .21+ Il='.) 

BR ,.,..itc. s;~ O.:>j 1.s2 0.02 26.6 1, ,., ur. 
,( .• ~"J n=5 

s.'.i 0.:) 1.)1 c.18 32..93 j.d6 11=3 

Ell 1,?::i 1. 71 ,::.02- 21 ,95 0,d4 11=.3 

s5 1, 75 1 .21.i. 0.111 38,96 Lt, 28 n=.3 
,, s6 1 , ')U 1.06 8.2i+ 46.33 9,7'2 11=3 

s-/ 2 .1 0 1.38 0. l)';i 33,i+Sl 5,d7 [1::;j 

L.00S sd i:.:. • .:::.u 2,'23 0,0/i O.Li~ 0.43 n:i.; 

L.OBS s:;; 2.40 2,d :;. 10 2.76 2.29 !1=4 

!....OBS s10 2.50 1. 70 J. 1.) 15.50 2.71 !l=.3 
BR. s6•' 1. ~o 1.60 0.06 1 8. 015 2.46 n=3 

RHY/L.Ot.S s11 2.60 2,13 0.20 15.66 ';). 74 n=5 

RHY s12 2.70 2 .1 .3 8.06 14,12 j.71 n=5 
Riff s13 3.00 2.10 0.02 17 .61 O.tl9 n:5 

~HY s14 3.20 2.09 0.012 18.42 0.33 Il:2 

7¥- ~y s15 4.20 2.19 0.09 14.02 3.52 n=4 

~ 8P. M~) s17(1) 0.05 2.03 0.03 19.86 2.36 n=3 

11 ~ • s17(2) 0.05 1.44 0.05 27.80 2.04 11=4-

- • (~hid.) s18 o. 0 2.38 0.05 0.438 0.53 n .,3 

• • II s19 1.00 2.29 0.02 5.964 0.70 (I =4-

• II (r,~.) s20 1.30 2.14 0.03 10.03 1.73 11 .. 3 

1$. • a ,, s21 2.00 2.16 0.01 5,54 0.61 11:. 3 
• •I d ~22 1.60 2.20 0.04 10.01 1.98 11:. 3 



HAL1.,S PAS6 (Ska. f!o1i1) 

Vflit so.,,,,/e r;J,., 

-fop f s1 
s2 

F.V.P. sj 

I ii 
+s8 
ll.OBS s9s 
-i s9b -1 s10 

s11 
s12 

o.6 

1.8 

2.2 
2.6 

5.f 
6.6 
6.6 

7 .1 

8.0 
13.6 

: -~60 

·1 .38 

2.03 
1.6~ 
f. 7,5 

2..27 
1. e1 

2.10 

Q.18 
0,05 

0.004 
Q,09 

0.07 
o.o, 
0,CIG 

0.01s 
0.0.3.:. 

J.:22 
O.OJ 

29.1 C 
32. ';)'c. 

10.55 

;25.29 

14.4~ 

12.49 

4.299 
29.40 
23.06 

18. 21 

20.34 

28.07 

4.69 
'c.-97 
0.61 

4.4'c. 
1 • 7'-;)5 

1.59 

0.69 
1.24 
4.08 

0.53 
1.25 
0.21 

4 
LJ. 

2 

j 

7 

3 
5 
4 

3 

3 
2 

s13 19.2 2.22 O.C44 16.17 1.72 7 
* s14 23.8 2.26 0.030 6.49 1.28 5 
~ s15 25.7 2.35 0.04 1.93 1.54 3 

s16 23.5 2.20 15.08 1 
RHY s17 26.4 2.38 0.03 12.55 2.00 6 

l,,.5e, l ~1~-- 35.2 __ 2.25 ____ ~~--~4.:.~-- _ 0.93 ___ 6_ 
fop s19 0.24 2.18 0.117 12.32 7.38 2 

s20 0.42 2.14 0.05 11.09 2.22 5 
-f s21 0.60 2.29 o.oa 3.60 2.30 7 

LOSS. a22 0.70 2.39 0.02 o.864 0.65 4 
s23 o.ao 2.42 o.OJ3 0.294 0.21 5 

_j_s24 1.12 2..59 0.02 1.44 o.85 6 
21:A!o,,:fi s25 1.24 2.22 0.02 10.20 1.25 4 
-✓---'-1;.,;,,,.;Jk s26 1.64 1.46 0.07 29.64 2 • .39 

l'MNl~le;f's27 1.~6 1.47 0.05 39.05 2.24 
lha.i,,,,'~ s28 1.28 1.60 0.05 26.89 3.86 

~ 
s19-28 = basal Halls Pass (2rr. section Fig.(5.14b) 

• basal obs selvedge (Halls Pass) area A, (Fig. 5.14a) 

6 

8 

2 



Pr,R~K0UHI\ PCr:,·.o ( U :_.>per ol{i, 1·1-: .. ·) 

tMif ~110 Iv(,,,) ;a is p is. l'Xl. 

UNIT A ·ruHUA s1 :,.679 0 .120 67.71,,. j.04 G 

71P s2 o.6 1.007 0.05 17 .2J 2.0'.) 4 

:'VP s3 1.4 1.247 0.10 j)I. 54 4. 73 j 

F"·./? s7 3.1 ~-240 0.06 n=3, 5.417 + 1.24 .'..i 
Il=2 4,-.,67 ±-0.41 

,;-,p sd 7,d 0.95 0.11 51,1S, 0,04 6 

FV.l:'/G33 s9 9 i ,d41 0.2.3 1 o • :):; 6./6 

Pink G33 .N 1 2.260 0.065 0.77 o.66 9 
I:"' 

t·1c:c.teed 03S ~2 !ll 
2.308 0.018 o.65 + 1.10 5 c+ 

(1) 

(n=4 ::..15 ± 0.06) ~ ':l ... !ll 

OBS N3 
1)1 I-' 

2,245 0.085 2.061 1.42 4 flecked 
U1 rn . (1) 

yellow OBS N4 ... C) 2.163 0.04 0.75 0.16 5 -.J c+ 
C) .... 

black OBS N5 
. 0 2.152 0.03 1.52 1.67 2 ::i 

N6' 
0 

0.06 RnY tJ:I 2.072 23.02 2.31 5 CD 

black o:ss N7 c::: 2.143 0.03 8.71 0.13 2 !Z 
H 

black OBS N8 >-3 2.329 0.01 2.47 0.44 3 ....... 

R1 14.6 1.835 
RHY 

0.027 26.89 o. 74 3 

R2 15.2 • 2.033 .084 11 .46 4,34 5 

RHY R3 16.4 2,1"33 0.07 15.06 6. 75.·.-· 8 

ho.Se RHY R4 17 1,842 0.23 25.72 10.02 6 

top < L1 10,4 2,364 0.003 1.595 0.02 .2 <D. 
1,841 0.131 18.61 3. 11 3 ., 

c+ ... 
5,49 5! 0 L2 11 2,287 0.04 1.72 ID . ..... 

0 L2 11. 2.357 0.012 2.25 0.56 3 
tJ:I 
CD 

11.7 2.376 0.006 0.149 0.036 5 ., L4 ... 
0.004 0,10(n=4) 

51 
p. L5 12.4 2,426 0.17 1)1 _ 
(1) 

'O 01 12.4 2,345 0.01 0.25 0.11 5! ., 
0 

12.6 2,081 0.05 6.73 3.51 5, 
~t, 

~ s5b .... ----- --- i I-' 
<D 



i'Al,~,ll 

t'l,o • h,(m) i5 :t is i5 ± is 
.. -----. ·- ·-- ... 

(fop) l-'4 1 ~ ( +fa) ;;c.46 + .o::; 1 .41 .± .6S 

s1 1 : 3.1 2.45 .± .03 3.5.:i .±1.6j 

s2 ; 9.a 2.15 .± .07 14.E1 .±3 .16 

s3 11. 4 2. 00 .± .06 19.63 .±2-U 
s4 (br) 7 13. 2. 2.16 .± .0j 1.3. 77 .±'. .03 
s5 7 16,3 2.24 .± .07 13. 1 6 .±.3 . 1 2 

~ s6 ( br) ~ 19.3 2.15.± .0j 14.27 .±1.20 ; 
t:, 

~ s7 12 20.6 2.10 .± ,04 17 .17 .±2.10 
t,\ .. ( br) 22, 1 2,31 .± .03 6. i :;1 .± 1 . 25 so ✓ 

s9 .3 25,4 2,.34 .± .02 6.76 .± .a.5 
s1 C , -,~ 30 2.37 .± .03 7.3.3 .± .98 
s11 1 :, 34.1 2.42 .± .03 4.9.3 .± .88 
(P.3,1) 12 .38,7 2.32 ± • 05 6.52 ± ~.22 

s14 5 41.7 2.27 ± .04 10.05 ± 1.19 
a15 5 42.8 2 • .33 .± .03 7.31 ± c,.95 

12.2 ( br) 1 i 43,2 2.34 .:t .01 7,76 ±O.d7 

12.1 (br) 11 49-3 2.21, .:t .025 10.67 .:t0,81 

11 7 51..8 2.16 .:t .097 13.57 .:1;4.05 l a18 H(banded) 7 53.15 2.01 ± .09 19.35 ±3,99 
a19 H brecciated 7 54,25 1 .84 .:t .024 26.67 ± .93 
s20 H/g 6 55.50 2.15 ± .04 13.89 .:1;1.69 
s21 g 7 • 57.1 2.15 ± .05 14,38 ± 2.37 

~s22 g 6 58,5.5 2.20 ± .04 11.92 ± 1.73 
~ s23 F3 7 59.54 2.06 .:1;-.03 17.24 ± 1.28 
~F2 6 59.59 2.07 ± .06 15.12 ± 2.50 

F1,a 7: 59.73 2.27 ± .03 8.88 ± 0,95 
F1a 3 59.85 2.24 ± .01 9.48 ± C,.51 
F/E 2 59,88 2.31 ± .04 7-27±1.58 
Eu 4 59.93 2.30 ± .01 7.94 ± 0,36 
Em br -4 60.13 2.27 ± .07 8.84 ± 2.31 
El ,. 6 60.43 1 .90 ± .11 23.12 ± 4-2:6 
D s24. 6 60~71 1.81 ± .o6 28.45 ± 2.54 

I c4 s25 7 64,41 2.35 ± .006 6.66 ± .22 

~ c4/2 a26 10 64~91 2.1.8 ± .039 13.03 ± 1.72 
~ c4b a27 4 64,45 2.35 .:t .008 6.52 .:t .25, 
~B s28 7 62.91 2.34 ± .022 7.19 ± .93 r P3.2 (A1 s44) {4 65,4 2 • .33 ± .02 5-37± .53 

has<!.-
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