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Chapter 14

Discussion
14.1

Introduction

In the review of the thesis by the examiners it was suggested that the summary given on pages
351-355 does not reflect the important results of the thesis in a generic manner. Therefore an
additional synthesis chapter was required which interprets the results of the main findings in terms
of testing a hypothesis (or hypotheses). This chapter is written in the form of drafts of potential
papers, which stress important findings in the study.
I would like to thank the examiners for suggesting this approach for two reasons: (i) it allows me
to present results in a way more accessible to readers and (ii) it prepares and eases the publishing
of these findings as papers.
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DRAFT OF PAPER 1

Draft of paper 1:
"Relationship between Cooling, Development and Distribution of Textures and Lithologies in Rhyolite Domes"

Abstract
Detailed studies of the distribution and significance of textural/lithological units in rhyolite domes
and flows provide valuable insight into cooling, degassing and crystallisation processes during and
after their emplacement. In this paper I investigate the relationship between the main lithologies
present in rhyolite domes, morphological dome parameters such as dome height and radius, and the
cooling history.
Ngongotaha and Wahanga Domes, in the Taupo Volcanic Zone, New Zealand, allow a detailed
study of the distribution of internal lithologies from vertical cross sections.

In each dome the

lithologies follow concentric distribution patterns defined by the overall dome shape and outline.
The main lithologies in each dome are similar, and typically comprise a carapace breccia at the
dome surface, followed by finely-vesicular pumice, an obsidian unit, and in the dome centre, a
crystalline rhyolite. However, the obsidian unit is absent at Wahanga Dome. Also, coarsely-vesicular
pumice present in domes elsewhere is not present in the investigated domes. Such variations in
presence/absence of characteristic main lithologies are explained by variable dome morphologies,
especially dome height, and cooling rates.
Cooling modeling has established overall cooling times for the domes, using in particular the
melt-solid (glass) transition as defined by the glass-transition temperature, T g' Superimposition of
the path of the T 9 cooling isotherm and the position of lithologies, defined by textures which form
close to the glass transition, allows one to make an estimate of the onset and duration of formation
of these lithologies. The onset and duration times depend strongly on dome morphology and hence
cooling rates.

14.2.1

Introduction

Rhyolitic rocks commonly develop distinct textures due to processes occurring during and/or after their emplacement.

Such processes include cooling, vesiculation, crystallisation, fracturing,

hydrothermal alteration, and post-emplacement alteration. Frequently, a distinct distribution of
these textures has been observed in relation to their position within the rhyolite, and this has been
studied in detail by BONNICHSEN & KAUFFMAN (1987), FINK & MANLEY (1987), MANLEY & FINK
(1987a), WESTRICH et al. (1988) and SWANSON et al. (1989), for example. Subsequent studies
resulted in the establishment of a lithological terminology which reflects the recurrence of certain
textural facies within rhyolite flows (FINK, 1984). This terminology is discussed briefly in Section
14.2.2. In addition, McARTHUR et al. (1998) has provided a detail study of the distribution and
significance of textural facies in ignimbrites. These studies all provide valuable insight into cooling,
degassing and crystallisation processes during and after emplacement of volcanic bodies.
In this paper, the development of textures are briefly reviewed and discussed in terms of cooling
and crystallisation processes and a consistent textural terminology is suggested. It will be shown,
that the melt-solid transition (here in terms of the glass-transition temperature) plays an important
3
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role in modeling the cooling history and establishing a model for the textural development of
rhyolite domes. This theory is then applied to the distribution of textures and their relation to
dome morphology and cooling history. The investigations consider whether there is a common
distribution of main lithologies within rhyolite domes and whether these lithologies, as suggested
by the "ideal dome" model of

MCPHIE

et al (1993), are present in each dome. Furthermore,

the influence of dome morphology and cooling history/rate on the development of textural variety
and their general presence/absence is investigated. Results of cooling modeling are combined with
observed distribution patterns of characteristic lithologies to establish a time frame for the onset
and duration of the formation of these lithologies with respect to the overall cooling of domes.
Ngongotaha Dome (Rotorua Caldera) and Wahanga Domes (Tarawera Volcanic Complex) provide good internal cross sections of rhyolite domes and are used as examples. All these domes show
a wide range of textures defining characteristic lithologies. Good exposure allows detailed studies
of the textural variation and dome morphology.
Wahanga Dome forms one of the three prominent domes at Mt. Tarawera which were emplaced
during the Kaharoa Episode (600 yrs B.P.; for a detailed discussion of the events see COLE, 1970a,
NAIRN, 1981 and NAIRN & WOOD, 1987). Together with the buried Crater Dome, these three
domes are aligned along a linear structure. The interior of these domes was exposed by the formation
of the 1886 basaltic fissure. Wahanga Dome was studied since it provides extensive exposure of
internal structures along the 1886 fissure walls.
Ngongotaha Volcanic Complex is situated in the southwest part of the Rotorua Volcanic Centre
which represents a single-event collapse caldera (HEALY, 1964). Mt. Ngongotaha forms a cumulodome complex and covers an area of > 17 km 2 . The dome under investigation was informally
named "Ngongotaha Dome" and lies in the north-east part of the complex. An internal section of
Ngongotaha Dome is provided by the horse-shoe shaped working face of Henderson's Quarry which
exposes an area of approximately 10,000 m 2 of fresh rhyolite. Quarrying is carried out at several
levels 10 to 20 m apart.

14.2.2

Importance of the melt-glass transition for cooling modeling

A vital prerequisite for combining the results of cooling modeling and the distribution patterns
of lithologies at individual domes is deciding whether certain textures developed before or after
solidification (solidification in terms of transition from melt to a solid-especially glass transition
for highly undercooled rhyolitic melts). Cooling modeling allows the glass transition to be evaluated
in terms of the glass-transition temperature (t g ) with time and, hence, allows statements to be
made about which parts of the dome are still in the molten state after selected time steps, or for
how long the dome interior remains molten-and close the extrusion temperature-before complete
solidification occurs. Therefore, a decision about whether textures such as spherulitic, felsitic, etc.
formed before or after the glass-transition state allows a time frame to be specified after which
these textures began to develop and for how long they developed.
Rhyolitic melts erupt in a highly undercooled 1 state (e.g., 200°C as suggested by SWANSON
et al., 1989, for the rhyolites of Obsidian Dome, Inyo Domes, California). Decompression and

water-loss during magma ascent result in the rise of the liquidus temperature and hence concurrent
1The degree of undercooling, /::;. T, is the difference between liquidus temperature, Tz iq , and the crystallisation
temperature (LOFGREN, 1974).
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Table 14.1: Textural terms used in the thesis to describe rhyolitic rocks
texture

description

remarks

cryptocrystalline

matrix is not glassy, but too finegrained to identify any minerals; no distinct birefringence is visible

'felsitic' of LOFGREN (1971b)

felsitic

very fine-grained mosaic of quartz and
alkali-feldspar with irregular, anastomosing grain boundaries

'cryptocrystalline,

equigranular'

of

STASIUK et al. (1996); 'granophyric' or
'granitic' of LOFGREN (1971b)

poikilitic 1

the inclusion of mineral grains in
a larger grain of another mineral;
randomly oriented, generally euhedral
alkali-feldspar laths enclosed in quartz
network of optically uniform patches

'snowflake' of ANDERSON (1969, 1970),
GREEN (1970), and TORSKE (1975)
'spongy' quartz of GEIJER (1913)
'micropoikilitic' of LOFGREN (1971b)

snowflake

feldspar laths or coarse spherulites
are enclosed in a coarser-grained mosaic of quartz; forms should resemble
snowflakes in hand specimen

sometimes the very-fine grained texture
in the outer parts of coarse spherulites
is referred to as 'granophyric'2

spherulitic

consists mainly of clusters of radiating
crystals forming different shapes

1 Prefix 'micro-' is not used here since it describes textures of plutonic, hypabyssal rocks.
The term should be used if you need to use the microscope to see it.
2 'granophyric' should be used for eutectic intergrowths of qu and fsp's and it implies near-surface environments

under cooling of the melt. The nature of the undersaturated melting curve for rhyolite indicates
that it is theoretically impossible for a rhyolite melt with any volatiles to reach the surface unless
it is undercooled.
Two main crystallisation processes occur in such highly undercooled rhyolitic melts during and
after the eruption: (i) crystallisation from the melt state, and (ii) crystallisation from the glassy
state (i.e., devitrification). In rhyolites, both processes result in very similar rock textures, and this
creates confusion in the literature. STASIUK et at. (1996), for instance, used the term devitrification
to describe distinct crystallisation textures which are commonly attributed to devitrified rocks in
the dome interior, "without meaning to imply that it was necessarily a glass at some stage". On the
other hand, WESTRICH et at. (1988) preferred the term crystallisation rather than devitrification
to explain similar textures, also found in the dome interior. They attributed crystal growth to
magmatic crystallisation from an undercooled liquid rather than a true glass.
The nomenclature for rock textures of rhyolitic rocks is also inconsistent in the literature and
sometimes misleading. Table 14.1 lists textural terms used throughout the paper, together with
a brief description and selected literature references. In the following discussion, original textural
terms, as described in the literature are sometimes retained, but to conform with the nomenclature
in Table 14.1 are enclosed in single quotation marks. Where they are changed, the original term
is given in square brackets. First, experimental results of crystallisation from a melt and then
devitrification of glasses are reviewed.

Crystallisation from the melt state
Crystal shapes, such as equant and skeletal, and textures such as dendritic and spherulitic, depend
on the cooling rate and the degree of undercooling of the liquid in which the crystals formed and grew
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and is therefore a function of growth rate and mobility of the slowest crystal-forming component
in the melt.
Isothermal crystallisation studies of plagio1200

clases by LOFGREN (1974) show that plagioclase
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(1975) applied the spherulite growth theory to

Figure 14.1: Crystal shape of plagioclase as a function
of the degree of undercooling and composition in the
system Ab-An-H 2 0 (after: LOFGREN, 1974).

spherulitic crystal shapes produced in their cooling experiments and found that at large degrees
of undercooling, the growth rate (G) will greatly

exceed the diffusion rate (D) giving a ratio D /G in the order of 10-4 cm. This value corresponds
to the fibre width of dendritic and spherulitic growth forms in their experiments.
Crystallisation from the glassy state (devitrification)
This process occurs through slow cooling or prolonged heating of the glass at the temperature of
initial softening or after long time periods at low temperature 2 (BOUSKA, 1993). Devitrification
rates are much faster at high temperatures just below the glass-transition temperature than at
low temperatures. The major difference between devitrification and crystallisation from a melt,
is the time and temperature factor, since devitrification involves the same atomic rearrangement
as is found in melt crystallisation (MARSHALL, 1961).

Often the term 'devitrification' is used

with the additional meaning of a hydrothermal reconstruction (hydration) of the glass, also in situ
with negligible loss of material (MARSHALL, 1961). In a strict sense, devitrification describes the
transition from the glass to the crystalline state, which may be facilitated by a hydration of the
glass.
LOFGREN

(1971b) undertook one of the few experiments to produce devitrification textures

including spherulites, micropoikilitic quartz, orb texture, axiolites, and miarolitic cavities, under
controlled conditions.

These textures were categorised into dominant textural associations, or

stages, which are characterised by a general set of growth conditions that grade from one stage to
the next.
The 'glassy stage' describes undevitrified glass which may contain a few widely spaced
spherulites. Typical glass textures (such as perlitic cracks, strain birefringence, shard outlines)
may be present. Cryptocrystalline [felsitic] textures 3 mark the transition to the spherulitic stage.
At the 'spherulitic stage', an obsidian is completely crystalline and is now spherulitic and/or contains poikilitic [micropoikilitic] quartz. Spherulites are either spherical with hardly distinguishable
fibres or bow-tie shaped with coarser fibres. A gradual recrystallisation of crystalline phases al2The latter devitrification process explains the fact that no glasses older than 65 m.y. have been found (BOUSKA,
1993). LOFGREN (1971b) however, is more cautious in stating that there are rare glasses older than 135 m.y.
3'Felsitic' texture refers to "innumerable minute extinction units that are neither distinctly crystalline nor distinctly
glassy" (LOFGREN, 1971b) and should therefore be renamed to cryptocrystalline texture. LOFGREN (1971b) explained
its origin due to a gradual break-up of the strain birefringence pattern in the glass.
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ready present marks the transition to the third stage. In the 'granophyric' or 'granitic stage' all
traces of spherulitic fibres are erased and devitrification results inafelsitic [granophyric or granitic]
texture. This stage requires a constant T /p for a considerable time, either during initial cooling or
subsequent reheating.
LOFGREN's (1967) devitrification experiments on rhyolitic glass in the T-range 240-650°C with
water pressures up to 4 kbar yielded devitrification rates of 10- 7 cm S-I, in the presence of alkali-rich
solutions, and 10- 10 cm s-l, in the presence of pure water.
Spherulitic growths forms
The spherulitic textures produced by experimental crystallisation from a melt and by devitrification
are very similar (LOFGREN, 1980). This poses a considerable problem when evaluating rock textures
which are dominated by spherulitic growth forms.
Spherulites of primary origin grow at high temperatures close to and above the glass transition
temperature (STEVENSON et al., 1994a, 1994b, LEJEUNE & RICHET, 1995). According to RYAN
& SAMMIS (1981) Tg represents the lowest temperature at which spherulites may grow in degassed

rhyolites under near-surface conditions. In terms of structural/textural relationships, spherulites
with flow layers deflected around them suffered growth before (local) flow cessation and, hence,
primary crystallisation from the melt.

Cooling modeling shows that nucleation of the earliest

spherulites did not commence immediately after extrusion, but lags behind it by a considerable
time period (MANLEY, 1992).
Spherulite formation during devitrification does not occur simultaneously throughout the
rock but rather follows the devitrification front that moves inwards from a free surface such as a
fracture. If present, the devitrification front is often rather diffuse and hard to detect. At relatively
low degrees of undercooling numerous isolated nuclei occur resulting in open and coarse spherulites
which are similar to those resulting from the crystallisation of a melt. Structural relationships where
flow layering, as defined by microlites for instance, run through spherulites, suggest formation after
local flow cessation, probably from the glassy state. Spherulites radiating from perlitic cracks or
other fractures which postdate glass formation also indicate formation by devitrification.
Poikilitic textures
Poikilitic textures in which silica (most commonly quartz) encloses feldspar spherulites, microphenocrysts, or microlites are common to both processes. In the literature, this kind of poikilitic texture
is frequently referred to as snowflake texture and is a common feature of rhyolitic lava flows and
welded ignimbrites4 (ANDERSON, 1969, 1970; GREEN, 1970; TORSKE, 1975). In terms of size there
seems to be a continuous transition from the very fine-grained quartz and feldspar in the felsitic
texture to large quartz patches (up to 3 mm in diameter) of the poikilitic texture.
Structural and spatial relationships can be used to infer the primary or secondary origin of
the poikilitic or felsitic texture. Poikilitic/felsitic textures in the interstices of spherulites clearly
formed after the spherulites and are due to devitrification. This is supported by similar spheruliterich lithologies in close proximity in which the interstices are still glassy or show only incipient
devitrification (see also MILNER et al., 1992).
4 ANDERSON (1969) regarded the snowflake texture as typical for welded ash~flow tuffs, but this texture does occur
in rhyolitic flows (e.g., GREEN, 1970).
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Completely crystalline rhyolite, often found in the centre of rhyolite flows/ domes, shows textures
ranging from felsitic to poikilitic. Since the central part of a flow / dome may remain for several years
close to the eruption temperature, and since it cools slowly with time, crystallisation is complete.
The kinetics of nucleation and growth rate of the crystals indicate that the texture of crystalline
rhyolites in the centre of rhyolite flows/domes is due to large undercoolings-but still above the
glass transition-which produce a large number of nucleation sites with small crystals.

14.2.3

Dome lithologies and their distribution

Rhyolite domes display similar variations and distributions of textural types. Fig. 14.2 attempts
to summarise the distribution of common lithologies in an idealised way and is based on studies by
FINK & MANLEY (1987), DUFFIELD & DALRYMPLE (1990) and MCPHIE et al. (1993). Despite
these similarities, individual lithologies in different domes are highly variable in colour, texture
and general appearance, so that only a very brief and general description of them is given in the
following.
FINK (1984) introduced the now widely accepted and used terminology for describing and distinguishing the main lithological units in rhyolitic lava flows and dome. The terminology is useful
when referring to the main rock types in a given volcanic structure.
Contacts between the lithological
zones are gradational with 'transition
zones' ranging from a few centimetres
to several metres. The zonation is defined by a rather wide variety of textures which develop upon eruption and
-conr.sAIv vesicular pumice (CVP)

emplacement of domes and is the re-

~~~~~~=:~t.~~~~;~~~';breccia
rg
deposits

sult of cooling, degassing (mainly 'secondary boiling'), crystallisation and devitrification, as well as changing rheological behaviour in response to the previ-

Figure 14.2: Idealised representation of lithological zonation is a
rhyolite dome. See text for explanation.

ously mentioned processes and developing stresses. One of the main factors is that rhyolitic lava flows/domes start to cool before they
begin to crystallise, which is a result of the 'nucleation lag' time (MANLEY, 1992).
The two breccia types in Fig. 14.2, carapace breccia and flow base breccia develop in
response to active dome growth, especially to flexure and folding of the flow surface. Fracturing in
cooling lava occurs when the tensional stress exceeds its tensile strength, either by increasing the
stress or decreasing the strength of lava. The carapace breccia consists mainly of primary FVP but
may also contain CVP and OBS. Expanding and cooling of the outer dome shell leads to brittle
failure and the formation of fragments which during further dome growth and advance cascade from
the upper surface and are overridden and incorporated as lava flow breccia underneath the dome.
At the dome base, overridden fragments are likely to be altered due to the heat and stress induced
by the overrid dome. Welding of glassy shards and pumice blocks is likely in this environment
(e.g., MAYO, 1944; MANLEY, 1992). SMITH (1996c) pointed out that large shear strains in the
basal shear zones of lava flows, at the brittle-ductile transition, also produce brecciated structures
which may account for the entire basal breccia zone near the vent and the upper part of the
8
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basal breccia. Besides these two breccia types, internal breccias are frequently found within the
dome, and these are not related to brecciation processes at the flow margin. An internal breccia
is commonly monolithic with fragmented and rotated blocks set in a pulverised and often oxidised
matrix (MANLEY & FINK, 1987a). During local flow, the shear stress may exceed the tensile
strength of the lava causing it to fracture into blocks which are then rotated and fragmented.
The finely vesicular pumice (FVP) cools too quickly for any post-eruptive crystallisation to
take place. Since no overburden pressure is present, water is driven off due to 'secondary boiling'
(effervescence). In the FVP, bubbles nucleate at a large number of sites, and according to MANLEY

& FINK (1987a), expand primarily in the direction of the dome surface. Vesicles are very elongate
and relatively small. Flow top vesicularities are in the range 25-40 vol-% (CASHMAN & MANGAN,
1994).
The base of the FVP unit marks the lower limit of effervescence below which the load pressure is larger than the vapour pressure. The obsidian (OBS) unit is commonly vesicle-free and
frequently shows marked flow banding. Towards the interior, the rate of cooling is slightly slower
and spherulitic growths develop, with their abundance increasing towards the dome centre. Heat
retention in the dome interior results in complete crystallisation (or devitrification) to crystalline

rhyolite (RHY). Vesiculation develops in this unit by a local increase in water vapour pressure
due to crystallisation of anhydrous mineral phases. FINK & MANLEY (1987) suggested that the
equivalent of approx. 4,400 cm3 of liquid water could be released as vapour for every cubic metre
of crystallising melt.

Coarsely vesicular pumice (CVP) is generally emplaced at an early stage near the flow base
(FINK, 1984). Vesicles range from angular to very contorted to spherical and are generally larger
than in the FVP. Often this zone is characterised by an alternation of centimetre-scale obsidian
layers with centimetre- to metre-scale highly vesicular pumice. The presence of vesicles in the CVP
unit is due to an increase in local vapour pressure caused by migration of gas through the lava,
crystallisation or exsolution of volatiles (MANLEY & FINK, 1987a). CASHMAN & MANGAN (1994)
reported average vesicularities of ca. 20 vol-% in the CVP.
Since the lithological zonation is mainly influenced by cooling processes, differently sized domes
should show variations in the zonation pattern. In small domes, which cool rather quickly, the
central core of crystalline rhyolite may be absent. Variations in cooling rates and patterns will
result in different thicknesses of the lithological units.

14.2.4

Cooling models

Early cooling models for extrusive magma bodies were formulated by INGERSOLL & ZOBEL (1913)
and discussed in detail by LOVERING (1935). JAEGER (1957, 1961, 1964) applied heat conduction
equations to cooling intrusive and extrusive magma bodies and developed formulae for differently
shaped bodies under numerous conditions. Treating magma bodies as simple rectangular shapes
resulted in simple mathematical descriptions, which took cooling by conduction into consideration,
but not convective cooling. Later JAEGER (1968) extended the discussion to more complex cases,
such as two- and three-dimensional bodies under various cooling conditions which are still restricted
to rectangular and cylindrical shapes.
The cooling model used in this paper is based on the models by JAEGER (1968) and LONG &
WOOD (1986) and comprises a finite difference approximation to the heat conduction equation as
9
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given in MANLEY (1992):

+ Tp[Nl

(14.1)

where the index [N] specifies the vertical position in the flow or basement (node) at which T is
calculated, ts is the length of timestep (taken as 0.1 yr), Tp is the temperature at the previous
timestep, D is the node spacing, and Lh gives the latent heat evolved at a timestep (if any). Eq.
14.1 calculates the temperature for equally spaced nodes through the flow and into the basement
for each timestep. It is assumed that a lava flow cools from the emplacement temperature by
conduction only. For a discussion of the boundary conditions see MANLEY (1992).
Heat capacity is calculated using the equation

Cpi = ai + bi T + Ci T- 2 (STEBBINS et al., 1984),

and thermal conductivity is taken from experimental data in MURASE & McBIRNEY (1973). Their
experimental data on the aphyric Newberry Rhyolite Obsidian (Big Obsidian Flow, Newberry
Caldera, Oregon) were fitted to the equation: K 0

=

2 . 10- 6 T2

+ 0.0006 T + 3.0421.

For flow

and domal parts having a pronounced vesicularity, such as the carapace, conductivity has to be
corrected for the volume of vesicles (LOEB, 1954; RIEHLE, 1973). Thermal diffusivity, as required
in Eq. 14.1, is related to thermal conductivity by:

K,

= Ko/(Cp . p).

This simple one dimensional (lD) cooling model assumes an instantaneous lava emplacement
with static cooling. According to MANLEY (1992) it gives accurate values for cooling of the upper
portion of either a static or active lava flow, but it underestimates cooling of the flow base in distal
parts of an active lava and overestimates cooling of the flow base proximal to the vent. However,
MANLEY (1992) suggests that for rhyolite lavas these effects are of second-order so that they only
slightly change the cooling pattern.

14.2.5

Methodology

Detailed field studies at Ngongotaha and Wahanga Dome provided samples of all macroscopically
different lithologies within exposed cross-sections. Sampling was accompanied by detailed mapping
of structural features such as flow banding and shear sense indicators. Thin sections were prepared
from all samples including a few oriented thin sections.
The mapping results were drawn to scale and then schematically simplified-without losing
essential details and with only marginal distortions.
Thin section studies identified textures present and their systematic variation within the dome as
a function of the distance from the dome surface inwards. Most attention was paid to the degree of
crystallisation, crystallisation products, and vesiculation. Crystallisation products include various
matrix textures, spherulites, microlites, (micro)phenocrysts and clasts. Their abundance and sizes
were plotted as functions from the dome surface. Similarly, vesicles were investigated in respect
to variations in size and aspect ratios.

Quantitative data were gathered with the petrological

microscope using the traditional point counting method. These results were double checked with
results of image analysing techniques using scanned thin sections. It should be noted that in the
overwhelming majority of cases, quantitative analysis using image analysing techniques proved to
be faster and as accurate as point counting with 5000-6000 points per quarter thin section area.
10
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Variations in the fibre thicknesses of spherulites and of microlite thicknesses were measured using
high-power magnifications of the petrological microscope as well as SEM images of selected samples.
In order to simulate the cooling of the domes, the existing 1D cooling model of MANLEY (1992)
was extended to two dimensions. In MANLEY'S model the temperature at a certain node (locale
within the flow) is calculated taking the temperatures of the above and below node into consideration. In the extended 2D model this approach was extended to the temperatures at nodes to either
side of the node under consideration. Theoretically, a 3D model is feasible but was not realised
due to computational limits. In order to simulate and test as many cooling scenarios as possible,
a standalone program was written using Visual Basic. Data input is realised via colour coding
whereby the cross sections under investigation can be drawn with a simple drawing board. The
cooling result is either a graph with temperature distributions after defined time steps or the path
of the Tg (or for this matter any chosen T-isotherm) for defined time steps. Especially important
are the latter graphs which were used to superimpose onto them the distribution of main lithologies
as established by field studies.
By choosing the Tg as the main T-isotherm, the onset of crystallisation can be traced and,
hence, the onset of the formation of certain lithologies. This approach allows a combination of
findings which, up to now, were treated as separate issues: structural/textural data and the results
of cooling simulations. The time-dependent cooling results indicate the onset and duration of
formation of the main lithologies within a rhyolite dome.
For a detailed description of the described methodology refer to RICHNOW (1999).

14.2.6
14.2.6.1

Results
Distribution of main lithologies

N gongotaha Dome
Fig. 14.3a gives a schematic, birds-eye view of Ngongotaha Dome as seen from the east. The
horse-shoe shaped quarry provides a good internal cross section at four main benches which form a
step-like pattern in the cross section (Fig. 14.3b). Using aerial photographs and topographical maps,
the dome height is estimated at ca. 140 m, the dome diameter ca. 950 m, and the circumferences
ca. 3000 m. These values are based on the assumption that the present day top surface of the

dome has not been significantly eroded and that the lowermost exposed dome level is ca. 10 m
above the dome base. The latter assumption is based on comparisons of the exposure situation of
the lowermost exposed unit (basal vitrophyre consisting of alternating layers of partly crystallised
obsidian and autobrecciated breccias) with rhyolite flows/domes described in the literature (e.g.,
BONNICHSEN & KAUFFMAN, 1987; SUMNER, 1995a, 1995b). Fig. 14.4 summarises schematically
the results of a detailed mapping of the working benches in terms of distribution of main lithologies
and orientation of flow layering as seen on the faces of the working benches. At Ngongotaha the
following main lithologies occur:
•
•
•
•
•

carapace breccia (CB)
finely-vesicular pumice (FVP)
upper and lower spherulitic obsidian (U.OBS and L.OBS)
felsitic rhyolite (RHY)
felsitic rhyolite dominated by lithophysae, 'lip'-structures and spherulites (CRHY)
11
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Cross section

Figure 14.3: Schematic relationship of Henderson's Quarry to Ngongotaha Dome. The horse-shoe shaped working
face of the quarry faces approximately east. The quarry has four main working levels which are each approximately
20 m high. Also shown are the main tracks used by lorries (thin black lines in the quarry). The E-W cross section
cuts right through Henderson's Quarry and gives an approximate idea of the extent to which the dome is exposed
by the quarry.

Fig. 14.4 shows that the main lithologies are concentrically distributed and follow the overall
dome outline. The transition between main lithologies is gradual as well as interfingered, but never
sharp, pointing to a gradational formation process. Fig. 14.5 shows a schematic interpretation
of the lithological distribution in a cross-sectional view (compare Fig. 14.4). The thicknesses of
individual lithologies are inferred from their exposure in the working benches.
In addition to the listed main lithologies the dome shows a number of characteristic late-stage
obsidian squeeze-ups which cut through all other main lithologies. These squeeze-ups can be traced
across two or three benches, and they form a radial pattern.
In the following, the main lithologies at Ngongotaha Dome are briefly described, especially with
respect to crystallisationjdevitrification features. A detailed description ofthese lithologies is given
in

RICHNOW

(1999).
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ClZLZl Fractures
Felsitic rhyolite (RHY & CRHY)

II1II Finely-vesicular pumice (FVP)
II1II Spherulitic obsidian (U.OBS & L.OBS)
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2.0

30

40m

. . . . . Glassy rhyolite (obsidian)

r~:::::::::~j Flow layering
~ Spherulites
~ Uthophysae

1~""f~1 'Up' structure
~ Breccia

Figure 14.4: Distribution of main lithologies, lithophysae, spherulites, and 'Iip'-structures. A summary of the distribution of main lithologies in respect to the entire dome
is given in Fig. 14.5. Note the presence of late-stage obsidian squeeze-ups which are continuous over relatively long distances and which may be traced across several
(sub )Ievels. To the left of the upper second level a FVP pocket is visible. Also shown is the trace of the flow banding as seen at the outcrops. The circular inset in the
lower second level indicates that the orientation of fold axes is parallel to the working benches. See text for further discussion.
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carapace breccia (CB)
finely-vesicular pumice (FVP)
spherulitic obsidian (U.OBS)
felsitic rhyolite (FVP)
felsitic rhyolite with lithophysae
& 'lip'-structures (CRHY)
felsitic rhyolite (RHY)
partially spherulitic obsidian with
obsidian bands & breccia (L.OBS) .
Figure 14.5: Schematic representation of the distribution of main lithologies. Exposures of lithologies in the
quarry suggest a concentric orientation of main lithologies which is similar to that shown in Fig. 14.2 on page 8.
Note: The CVP and dome-base breccia are not exposed in the quarry but their presence is inferred by comparison
with other rhyolite flows/domes. See text for discussion.

Carapace breccia (CB) and finely-vesicular breccia (FVP)

These two units are discussed together as they are very difficult to distinguish in the field and
commonly interfinger. Most of the CB is made up of FVP material, with different degrees of
comminution. Clasts found in the breccia represent all lithologies that occur in the dome. The
abundance of FVP clasts increases towards the underlying FVP unit to such an extent that the
breccia takes on the character of an autobreccia. The matrix of CB is commonly made of FVP
material. At the dome top, FVP material in the matrix occurs as comminuted fragments, often in
the form of unconsolidated pulverised glass shards, while towards the FVP unit, the CB matrix is
formed of more or less continuous lenses of FVP material, ranging up to several metres in length.
The abundance of such FVP lenses increases while clasts of lithologies other than FVP decrease
towards the FVP unit.
The FVP unit is characterised by grey to colourless fresh glass with a high abundance of elongated vesicles which often define a flow banding in hand specimen. However, all gradations from
minor, circular, apparently undeformed vesicles, to highly stretched vesicles, occur in close proximity. In places, both types occur together whereby highly elongated vesicles wrap around the more
undeformed vesicles. The vesicle characteristics are summarised in Table 14.2.
The transition to the underlying U.OBS is marked by a progressive enrichment in spherulites as
well as an increasing abundance of interfingered U.OBS bands and lenses. With the onset of individual reddish-grey spherulites, the matrix glass becomes devitrified. The spherulites are irregular in
shape and show various degrees of alteration. The abundance of reddish-grey spherulites increases
towards the underlying U.OBS where they form more interconnected areas. This is accompanied
by an increase in white spherulites which generally form the cores of larger reddish spherulites.
However, once the white spherulites become prominent, their cores are formed in turn by reddish
spherulites. These characteristics point to a thorough alteration, either by a silicification, or by
leaching of spherulite parts due to late-stage percolation of acid hydrothermal vapoursjfluids.
Spherulitic crystallised obsidian (U.OBS and L. OBS)

These lithologies envelope the RHY and CRHY, and the main textural features are identical. The
transition zones U.OBSjRHY and RHY jL.OBS have the same characteristics.
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Table 14.2: Summary of the lithological characteristics of the main units at Ngongotaha Dome and Wahanga Dome.
Unit

Thick

Characteristics

Crystalline products

Vesicles

Density

Porosity
llleasured
calculated
Ij

N gongotaha DOllle
CB
FVP matrix, clasts of alliithol. Types
FVP
3-15 m
dominantly glassy with gradual
increase
in
abundant vesicles and spher. 's until in transition
very rare spherulites
FVP IU.OBS

U.OBS

18-22
m

alternating bands of
vesicle-poor and -rich
spherulitic crystallised
obsidian

almost completely spherulitic
crystallised

RHY

2-6 m

CRHY

21-25
m

felsitic and micropoikilitic texture, very
good flow layering
felsitic and micropoikilitic texture

L.OBS

24-28
m

towards CRHY abundance
of large spherulites decreases
with increase of matrix
high abundance of lithophysae, 'lip' -structures and
large spherulites
wide variety of spherulite
forms and devitrified clasts

f--'
~

Wahanga DOllle
FVP
6-13 m

RHY

30-40
m

BB

3-7+ m

alternating bands of
fresh obsidian and
spherulitic crystallised
obsidian

glassy with vesiclepoor and -rich domains
felsitic/poikilitic
to
spherulitic
matrix;
felsitic and poikilitic
intergrading
large sub angular to
rounded FVP
and
RHY blocks set in
matrix of small clasts
to very fine material

only in vicinity to RHY small
spherulites
centowards
dome
tre:spherulites
become
smaller,
area of felsitic
matrix increases
see components

[jj
Q

c:

[Jl
[Jl

two populations: elongated
and round; elongated: «0.57 mm long, avo 4 mm long,
avo 0.2 mm heigh, avo RA =
20 (14-46);
strongly varying in size (up to
7+ cm long), shape and distribution; alternating vesiclerich and vesicle-poor layers
very small «0.5 mm long)
and highly elongated
none, high abundance of large
opening structures

0.85-1.69

20.2-46.5

29.5-35.9

vesicle-rich:
1.3-1.95;
vesicle-poor:
avo 1.99

vesicle-rich:
6.9-37.2;
vesicle-poor:
avo 1.10

vesiclerich:8.940.7; vesiclepoor:av.
2.5
nonvesicular:
0.2-4.3
as above

nonvesicular:
1.89-2.11
as above

vesicles smaller and less
abundant than in U.OBS

vesicle-rich:
1.49-1.88;
vesicle-poor:
av.2.0

strongly varying: <1 mm to
2+ cm, RA '" 1 to 60+
vesicle-free

1.31-2.07

7.9-39.3

1.89-2.07

0-4.1

none

vesicle-rich:
14.7-29.6

(3

z
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The texture of the U.OBS is characterised by an almost completely spherulitic matrix. Frequently, fresh black obsidian occurs in the interstices between spherulites, or as small elongated
patches (up to x mm long) along flow planes in vesicle-poor bands. In general, the U.OBS is
formed by more or less continuous bands of vesicle-poor spherulitic obsidian which alternate with
highly vesicular layers. The thickness of vesicle-poor bands increases rapidly over a distance of
about 1-2 m from <1 cm at the boundary at the FVP jU.OBS transition to 20-40 cm. The thickness of the highly vesicular bands is less systematic and varies between 2-30 cm throughout the
entire unit.
Occasional larger lenses or bands of fresh, brown to yellow obsidian occur close to the
FVP jU.OBS transition, and form successions of thin bands about 3-5 cm thick and 1-3 m long.
The density and porosity values for vesicle-poor and -rich bands are almost identical for U.OBS
and L.OBS (see Table 14.2) although the values in the L.OBS tend to show a narrower range.
Differences between U.OBS and L.OBS arise from the absence of brown obsidian bands in the
L.OBS, from a higher abundance of black, fresh obsidian preserved in interstices between spherulites,
and a higher number of spherulite forms in the L.OBS. Furthermore, the L.OBS is characterised
by numerous black obsidian lenses and bands as well as bands of autobreccias.
The abundance and thickness ofthe obsidian bands in the L.OBS increase towards the lowermost
exposed part of the dome where they are up to ca. 6 m thick, traceable up to ca. 55 m. The
same applies to the abundance of pale reddish-grey "devitrified" clasts in the obsidian bands. The
character of these clasts changes from that of pull apart structures to a structure defined by schlieren
and lenses. A transition in rheological behaviour of the clasts occurs over a distance of ca. 1-3
m with dominantly brittle behaviour above that transition zone and dominantly ductile behaviour
below it. This transition occurs ca. 25-30 m above the lowermost exposed dome lithologies. In
the first bench of the quarry, the general character of the L.OBS can be summarised as alternating
bands of predominantly fresh black obsidian, which in turn show varying abundances of ductilely
deformed reddish-grey "devitrification" material.
Felsitic rhyolite (RHY and CRHY)
These two lithologies show essentially the same textural features with a felsitic to microspherulitic
matrix. The two matrix types occur in equal abundances and no preferred setting of the one or
other in respect to the geometry of the RHY unit has been found. The transition OBSjRHY
is marked by a marked decrease of vesicles in the RHY and a contemporaneous increase in the
felsiticjmicrospherulitic matrix.
The transition RHY JCHRY is not very well defined and is characterised by a decrease in small
vesicles otherwise present in the RHY and the onset and rapidly increasing abundance of large
opening structures. Towards and in the interior of the CRHY, the felsiticjmicrospherulitic matrix
is frequently replaced by larger spherulitic growth forms consisting of open reddish spherulites
embedded in greyish spherulites. The most distinctive features of the central RHY, however, are the
large opening structures such as lithophysae, "lip" -structures and open spherulites. The lithophysae
and "lip" -structures host a wide variety of minerals. Density and porosity in the RHY vary, but
not to the same degree as seen for the U.OBS and L.OBS (see Table 14.2).
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Wahanga Dome
The interpretation of the distribution of
'onion skin' structure

lithologies is based on the exposure levels

transition FVP/RHY

due to the craters formed when the 1886
basaltic fissure eruption cut through the
southeastern side of Wahanga Dome5 . Similar to Ngongotaha Dome, the main lithologies are distributed concentrically and appear to follow the outline of the dome.
However, the number of lithologies is less
than at Ngongotaha Dome and only FVP,

Figure 14.6: Schematic diagram showing the distribution of
the main lithologies at Wahanga Dome. See text for discussion.

RHY and basal breccias (BB) occur. Fig.
14.6 schematically shows the distribution of the main lithologies at Wahanga Dome.
The absence of carapace breccia (CB) at the dome surface can be attributed to removal and/or
covering by the 1886 eruption products. Furthermore, no well defined obsidian layer has been found
at the exposure in the craters.
Finely vesicular pumice (FVP)

The FVP layer forms the outermost layer of the domes and is rather inhomogeneous in texture.
The FVP thickness varies considerably but, in general, is between 13-20 m thick. The FVP is
characterised by a mainly colourless glass with a high abundance of highly stretched vesicles which
commonly are not collapsed.
In many places, alternating domains of glass and pumice occur next to and grade into each other.
The glassy domains are colourless and frequently show a fracture system which in places resembles
perlitic cracks. Furthermore, they are generally vesicle-free or -poor. Vesicles are equidimensional
or slightly elongated with an aspect ratio of ::;2.
The porosities and densities in the FVP layer vary widely (see Table 14.2) which is attributed to
the variable state of stretched vesicles and varying contributions of glassy domains. No systematic
change in both properties within the FVP could be found.
The transition FVP /RHY towards the dome centre is gradual and marked by a steady increase
in the number of spherulites and a higher abundance of collapsed vesicles. Although the vesicles
become increasingly collapsed, the glass never becomes homogeneous such as in an obsidian. The
thickness of this transition zone varies widely, and is in the range 3-10 m. The start of the transition
zone is defined by the first tiny spherulites and at the end of the transition the matrix is dominated
by large spherulites with very few patches of glass left in the interstices.
Spherulite forms are not as varied as in Ngongotaha Dome, and commonly only two types occur.
First to form and closest to the FVP proper are small light- to middle-brown spherulites with fibre
diameters well below 1 /-lm. The second type occurs further inwards at some distance from the
commencement of the first type. Second type forms are commonly much larger in diameter than
first types, and they are concentrically zoned. Towards the interior, the second type becomes larger
(max. 2 mm in diameter, fibre thicknesses at ",1 /-lm) and the abundance increases. Closest to the
RHY unit, spherulites form a polygonal mosaic with considerable variations of spherulite diameter.
5It should be mentioned that the main lithologies and lithological variations described here for the Wahanga Dome
are identical to the Ruawahia Dome.
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Table 14.3: Summary of parameters used for the cooling modeling of Ngongotaha Dome.

chern. compo

physical parameters

Si0 2
Ti0 2
Ah 0 3
Fe203
MnO
MgO
CaO
Na 20

magmatic T: 815°C (magnetite-ilmenite geothermometry)
wall rock T: 10°C
magma density: 2.39 g cm- 3 (calculated using average chern. comp.)
pumice density: 1.99 g cm- 3 (average of measured FVP densities)
glass density: 2.35 g cm- 3 (calculated using average glass comp.)
rock density: 2.11 g cm- 3 (assumed density of underlying ignimbrite)
average phenocryst content: 3.21%
spherulite content: 33%
inferred T g: 711°C (rheological T 9 after HESS & DINGWELL; 1996)
grain density: 2.40 g cm- 3
geometric factor, T 0.785
annual rainfall/snowfall: 150/0 cm
vesicle height/length: 0.00002/0.4 cm (averaged values)

K20

P 20 5

Lor

total

74.99
0.21
13.32
1.85
0.66
0.21
1.16
4.58
3.31
0.03
0.1
99.73

dome height: 140 m
dome radius: 475 m
feeder diameter: 50 m (see discussion in text)
thickness of pumiceous carapace: 15 m (average value)
node spacing: 5 m

The transition to the RHY unit is marked by the first appearance of felsitic textures in the
interstices between spherulites, as well as the changes in spherulite form.
Crystalline rhyolite (RHY)
The RHY is characterised by a felsitic/poikilitic to spherulitic matrix. At the outer edges of the
RHY, a felsitic texture is present in the interstices between spherulites. Towards the dome centre
the spherulites become gradually smaller and the area occupied by the felsitic texture accordingly
increases, so that in the central part of the RHY unit the matrix is completely felsitic to poikilitic.
Both textures intergrade into each other.
The transition to the underlying basal breccia is marked by the onset of fractures which are
filled with phenocryst fragments and comminuted matrix material.
Basal breccia (BB)
The RHY /BB boundary is often wavy particularly next to 'onion skin' structures (see Fig. 14.6)
either side of which the breccia forms two raised structures.
A typical breccia is characterised by large sub angular to rounded pumiceous and crystalline
rhyolite blocks set in a matrix which ranges from small clasts to very fine material. In a number of
places the fine matrix material shows a reddish coloration which is probably due to oxidation.

14.2.6.2

Results of the cooling modeling

N gongotaha Dome
Table 14.3 summarises all parameters used for this modeling. The feeder and conduit system of

N gongotaha Dome is not exposed. In the literature there are few descriptions of the vent width of
rhyolite domes.

EICHELBERGER

et al. (1986) reported a conduit diameter of ca. 33 m at a depth

of 400-500 m and a vent diameter >50 m for Obsidian Dome as revealed by a research drill. These
values are in good agreement with the calculated critical conduit diameter for rhyolites of 33.4
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Figure 14.7: Example result of the cooling model applied to Ngongotaha Dome showing the temperature distribution in the dome and in the basement after 15 years of cooling. Temperature values in the legend are in degrees

Celsius. See text for discussion.

m assuming typical magma properties 6 (HARDEE, 1992). Using the following equation (HARDEE,

1992):
De

=

(~)O.5(9K,7]Be)O.25
P/L
8

(14.2)

the critical conduit diameter, De, for Ngongotaha Dome may be calculated. In Eq. 14.2 the term

P / L is the pressure gradient in flow direction and is nominally 1000 Pa m- I for a vertical conduit
flow driven by gravitational buoyancy (HARDEE, 1992). Thermal conductivity ofthe magma, K" was
estimated to be 0.2147.10- 3 J m-1s- I DC based on experimental data by MURASE & McBIRNEY
(1973) using the average chemical magma composition and calculating the heat capacity according
to STEBBINS et ai. (1984). Be is the excess temperature above which thermal feedback 7 effects
predominate and its value is taken to be 22 K (HARDEE, 1992). The effective viscosity of the
Ngongotaha rhyolite is estimated as 7.10 11 Pa s based on the melt viscosity calculated after HESS
& DINGWELL (1996) and the Einstein-Roscoe equation with an average phenocryst content of 3.21
modal-%. Substituting all values into Eq. 14.2 gives a minimum conduit diameter of 44.2 m which
can sustain lava flow and continuous eruption. For the cooling modeling a conduit diameter of 50
m is taken on the assumption that the conduit becomes wider due to magma-wall rock interaction
and abrasion effects due to magma flowage.
Fig. 14.7 shows an example of the cooling of Ngongotaha Dome and the simultaneous heating of
the country rock underneath the dome and adjacent to the vent area. After 15 years of cooling, the
very centre of the dome remains at about the eruption temperature and a large proportion of the
interior still has temperatures above the rheological glass-transition temperature. This means, that
the central dome portion is, after 15 years of dome emplacement and cooling, still in the melt-like
state although the degree of undercooling prevents the growths of (micro )phenocrysts. The outer
dome parts are in a solid-like state although still at substantially high temperatures. Furthermore,
the wall rock and the country rock under the dome suffer substantial heating with temperatures
exceeding 400 DC in the vicinity of the contact and heating up to 100 DC at ca. 50 m distance from
the contact.
6The critical conduit diameter refers to the minimum conduit diameter that can support and maintain magma
flow. Values for basalts are 1.9 m and for andesites 10.6 m (HARDEE, 1992).
7Thermal feedback occurs if a lava is highly temperature dependent and it is induced by viscous heating which
causes the lava temperature to rise by a few degrees. This may significantly reduce the melt viscosity which results
in faster velocities and an increased viscous dissipation until the process starts to run away. Viscous dissipation
heating results from the conversion of some of the flow energy into heat through internal dissipation of fluid motion
by viscous effects (HARDEE, 1992). This runaway process may have an important effect on eruption characteristics
such as extrusion rate and eruption temperature.
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Isotherms for T= 711 deg C
L 3, 6,10,13,15 and 20yrs
Figure 14.8: Selected stages in the cooling simulation of Ngongotaha Dome. All parameters used in the modeling
are listed in Table 14.3. The upper sequence shows the temperature distribution (for T > 600°C) at selected
cooling stages at the indicated time steps. Temperatures given in the legend are in degrees Celsius. In the
lowermost diagram the path of the T g-isotherms (711°C) at the same time steps is plotted.

Fig. 14.8 shows the path ofthe cooling isotherm for the rheological glass transition temperature.
The superimposition of this diagram with the generalised distribution of main lithologies should give
answers about the onset of the formation of those lithologies which are characterised by spherulitic
growth forms.
Wahanga Dome
Table 14.4 summarises all parameters used for this modeling. Since the feeder and conduit system
of Wahanga Dome are not exposed the vent diameter is derived from comparison with other rhyolite
domes and from calculating the critical conduit diameter (see page 20).
Table 14.4: Summary of parameters used for the cooling modeling at Wahanga Dome.

chern. compo

physical parameters

Si0 2
Ti0 2
Ab 0 3
Fe203
MnO
MgO
CaO
Na20
K20
P20 5
LOr
total

magmatic T: 780°C (EWART et al., 1975)
wall rock T: lOoC
magma density: 2.39 g cm- 3 (calculated using average chern. comp.)
pumice density: 1.85 g cm- 3 (average of measured FVP densities)
glass density: 2.34 g cm- 3 (calculated using average glass comp.)
rock density: 2.30 g cm- 3 (assumed density of underlying lava)
average phenocryst content: 22.3%
spherulite content: 33%
inferred T g: 700°C (rheological Tg after HESS & DINGWELL, 1996)
grain density: 2.40 g cm- 3
geometric factor, T 0.785
annual rainfall/snowfall: 150/0 cm
vesicle height/length: 0.002/0.4 cm (averaged values)

76.10
0.23
12.97
1.53
0.06
0.29
1.34
4.19
3.15
0.04
0.1
100.00

feeder diameters: 40 m (see discussion in text)
thickness of pumiceous carapace: 17 m (average value)
node spacing: 6 m

The thermal conductivity of the magma was estimated to be 2.088.10- 3 J m-1s- 1 °C based on
experimental data by MURASE & McBIRNEY (1973) using the average magma composition and
calculating the heat capacity according to STEBBINS et al. (1984). The effective viscosity of the
rhyolite of Wahanga Dome is estimated as 2.10 11 Pa s, based on the melt viscosity calculated after
HESS & DINGWELL (1996), and the Einstein-Roscoe equation with an average phenocryst content
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of 22.3%. Using all these values, a critical conduit diameter of 35.3 m is calculated. Again, it is
assumed that the conduit becomes wider towards the surface due to magma-wall rock interaction
and abrasion effects due to magma flowage. Therefore, a vent diameter of 40 m is assumed for the
cooling model.
Fig. 14.9a shows the 2D-area used for the cooling modeling ofWahanga Dome. The temperature
distribution after 25 years of cooling is given in Fig. 14.9b and it shows that after this time a
substantial part of the dome interior is still at the magmatic temperature and well above the glasstransition temperature. In Fig. 14.9c the path of the glass-transition temperature isotherm is traced
for six time steps. After ",40 years of cooling (not shown) this path closes in the dome centre, i.e.,
the entire dome is below the glass transition in the solid state.

14.2.7
14.2.7.1

Discussion
Comparison of distribution of main lithologies with other domes

N gongotaha Dome

At Ngongotaha Dome the distribution of the main lithologies compares very well with the idealised
representation of lithological zonation in a rhyolite dome. Differences are the absence of a fresh obsidian layer in the upper sequence (U.OBS), the absence of a pronounced coarsely-vesicular pumice
(CVP) and the absence of the dome-base breccia below the L.OBS. Although the L.OBS at Ngongotaha Dome has a relatively high abundance of vesicles along some flow layers its characteristics are
different from the CVP described by MANLEY & FINK (1987a).
The overall distribution of lithologies at Ngongotaha Dome is comparable to that at Obsidian
Dome, California. Similarities include the presence of a brecciated pumiceous crust consisting of
jumbled blocks about one metre across, massive obsidian outcrops at the dome margin forming
discontinues bands below the dome top (similar to late-stage obsidian squeeze-ups at Ngongotaha
Dome) and the lithophysae-bearing dome interior with a microcrystalline texture (e.g., VOGEL et
al., 1989).

The characteristics of the Ngongotaha FVP compares well with published descriptions of FVP
from other rhyolite flows/domes such as the Obsidian Flow, Little Glass Mountain, California (FINK,
1983), the Bracks Rhyolite, Trans-Pecos, Texas (HENRY et al., 1990), the Ben Lomond rhyolite lava
flow, TVZ (STEVENSON et al., 1994a) and the 8 ka pantelleritic rhyolite flow on Mayor Island
(STEVENSON et al., 1993). The porosities of FVP at Ngongotaha compare well with published data
such as 18-45% in FVP from the 8 ka flow on Mayor Island and 36-45% in FVP from the Ben
Lomond Flow, TVZ, as well as the average value of 25-40% given by CASHMAN & MANGAN (1994).
Vesicle aspect ratios for FVP from the 8 ka flow range from 6 to 25 and are between 10 and 27
in the FVP from Ben Lomond flow. These values compare also well with the average value of 20
measured in the FVP at Ngongotaha.
Comparing the OBS of Ngongotaha Dome with the same lithology in other rhyolite flows/domes,
one finds that there are great differences from locality to locality. The U.OBS is present at all studied
rhyolite flows/domes although many flows/domes show the development oftwo U.OBS units which
are separated by a CVP unit (e.g., Middle Dome, W Arizona and Obsidian Dome, California;
MANLEY & FINK, 1987a). At other localities, such as Banco Bonito, Valles Caldera, New Mexico
(MANLEY & FINK, 1987a) and rhyolite flows of the Okataina Volcanic Centre, TVZ (STEVENSON
22
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Figure 14.9: (aJ NW-SW cross section through the Wahanga Dome showing an overall gentle sloping of the top
surface to the northwest. Highlighted in red is the inferred extent of the Wahanga Dome. (b) + (c) Results of the
cooling model of Wahanga Dome. In both figures the trace of the crater is given.
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et al., 1994b), the U.OBS is not subdivided and comprises a single unit between overlying FVP and

underlying RHY. The L.OBS is generally present at other rhyolite flows/domes although exceptions
such as Banco Bonito do exist. The next two examples demonstrate the variability of the two
lithological units, U.OBS and L.OBS, from different locations.
The upper obsidian (U.OBS) of the 8 ka peralkaline rhyolite flow on Mayor Island is a fresh
black obsidian with occasional vesicles (three different types), subtle flow banding and subtle colour
changes (STEVENSON et al., 1993). This contrasts with the almost completely spherulitic nature of
the U.OBS at Ngongotaha. The authors also describe a lower obsidian layer (L.OBS) which is <1
m thick and has no vesicles or spherulites. In the lower 0.5 m of U.OBS, a thin and discontinuous
'crumble' breccia is present, consisting of flow-banded auto clasts derived from L.OBS and RHY.
The character of the black obsidian bands in the L.OBS at Ngongotaha is similar to the 8-ka flow
on Mayor Island in that it is composed of fresh glass with few spherulites and vesicles, and has a
thickness of up to 1.5 m. However, the entire L.OBS at Ngongotaha shows a much greater thickness
and is composed of alternating bands having different degrees of spherulite, vesicle, and 'devitrified'
clast content, as well as varying abundances of fresh black obsidian. These characteristics closely
resemble those of the basal zones in rhyolite flows of the Snake River Plain Volcanic Province,
SW Idaho (BONNICHSEN & KAUFFMAN, 1987). In these flows, the basal zones of the lava flow
above the flow base breccia consist in places of alternating layers of glassy and devitrified rhyolite.
Vitrophyre layers are often uninterrupted over long distances and may locally be tightly folded. Also
described are red-and-black breccias in the upper and lower flow zones belonging either to a 'jostle
type' or 'fumarolic type'. However, both types are characterised by angular clasts (BONNICHSEN &
KAUFFMAN, 1987), which contrasts with the highly elongated lenses and schlieren of the 'devitrified'
material in the autobrecciated bands at Ngongotaha.
Overall, the RHY characteristics, particularly the felsitic to microspherulitic matrix, compare
well with central crystalline rhyolites at other rhyolite flows/domes. In the 8-ka rhyolite flow on
Mayor Island, the porosity is between 15-20% which was attributed to a vesiculation cross-cutting
the flow banding and to any porosity due to angular interstices between matrix crystals (STEVENSON
et al. 1993). This rather restricted porosity range lies well within the calculated range for RHY at

Ngongotaha (0.2-29.1%) although at Ngongotaha, vesicle-rich and -poor parts of the RHY may be
discerned, which results in the overall larger range but two rather restricted porosity populations.
The Mayor Island matrix mineralogy is identical to that found on Ngongotaha. The transitions
U.OBS/RHY and RHY /L.OBS are marked by alternating crystalline and glassy bands, and no
lithophysae have been reported for Mayor Island flow. At other rhyolite flows/domes, lithophysae
occur either in the RHY itself, such as in the Ben Lomond rhyolite flow, TVZ (STEVENSON et al.,
1994a), and at Obsidian Dome, California (SWANSON et al., 1989), as well as in the enveloping
OBS units, such as at rhyolite domes of Little Glass Mountain (FINK & MANLEY, 1987), and at a
rhyodacite flow in Baja California, Mexico (HAUSBACK, 1987).
Wahanga Dome
The absence of a well defined obsidian layer, as in Wahanga Dome, was also reported for the upper
obsidian (U.OBS) layer at parts of the Obsidian Dome and the lower obsidian (L.OBS) layer at the
Banco Bonito flow, United States (MANLEY & FINK, 1987a). MANLEY & FINK (1987a) argued that
in thick and/or long rhyolite flows, or in flows with thick layers of basal breccia, the RHY extends
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right down to the basal breccia without the development of the lower obsidian layer. STEVENSON
(1994b) suggested that for thick (>100 m), high-silica, rhyolite lavas, the coarsely vesicular pumice
(CVP) layer is absent as a continuous layer.
One likely explanation for the absence of distinct OBS and/or CVP units in thick rhyolite
domes/flows is the slow overall cooling time of the dome interior due to the insulating effect of
thick basal breccia layers. This applies especially to their absence below the dome centre.
Summary: It has been shown that the main lithologies in Ngongotaha and Wahanga Domes are
distributed in a concentric manner following the overall dome shapes and outlines. This is also true
for other studied domes such as the Ruawahia Dome (also Mt. Tarawera; see RICHNOW, 1999) as
well as rhyolite domes described in the literature (see Review).
The absence and presence of certain lithologies-when compared, for instance, with the "ideal"
dome (Fig. 14.2 on page 8)-appears to be a function of the dome dimensions, especially dome
height and diameter, as well as the overall cooling rates which in turn depend to a large degree on
the dome dimensions.
14.2.7.2

Superimposition of the distribution of lithologies, and the cooling results: a
time frame for the onset and duration of formation of the main lithologies

The cooling pattern of a single rhyolite dome follows closely the overall dome shape and results
therefore in concentrically oriented temperature isotherms. This can be seen clearly in Fig. 14.8
on Page 21 for Ngongotaha Dome and Fig. 14.9c on Page 23 for Wahanga Dome. Apart from the
immediate vent area, the described patterns are almost identical to those of the main lithologies

(cf. Fig. 14.2 on Page 8 for the "ideal" rhyolite dome, Fig. 14.5 on Page 15 for Ngongotaha Dome
and Fig. 14.6 on Page 18 for Wahanga Dome). At Ngongotaha and Wahanga, the respective vent
areas are not exposed, but one can propose that in this area the distribution pattern of the main
lithologies below the dome centre should be deflected downwards, as suggested by the pattern of
the cooling isotherms.
The very close resemblance of these patterns-cooling isotherms on the one hand side, and distribution of lithologies on the other-suggests that the distribution of lithologies is largely controlled
by the cooling history of a rhyolite dome. A superimposition of the two patterns should therefore
give some answers about the timing of the onset and duration formation of these lithologies. This,
however, is only possible for textural features, the formation of which can be attributed to a certain
characteristic temperature value.
The glass-transition temperature offers a very good guideline for glassy and spherulitic textures.
Spherulitic growth is assumed to occur close to the glass-transition temperature, either just above,
. at, or just below that temperature.

Here we also find the fastest growth rates for spherulitic

growth forms. The coincidence of a certain lithology characterised by spherulites and an isotherm
of a certain time step should indicate therefore the start of development of this spherulite-bearing
texture, i.e., lithology. The duration of development of a certain lithology is then given by the time
period between its own onset of formation and the onset of the next following lithological unit. The
minimum time frame for the solidification of a dome----transition melt/solid state as expressed by

Tg-is given by the disappearance of the Tg-isotherm during the cooling modeling.
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Tg -isotherms at
L 3, 6, 10, 13, 15 and 20 years
Figure 14.10: Superimposition of the distribution of main lithologies and the path of the glass-transition isotherm
(red solid lines) for selected time steps. See text for discussion.

N gongotaha Dome
The superimposition of the main lithologies and the path of the Tg-isotherm is shown in Fig.
14.10. The position of the spherulitic crystallised obsidian (indicated by a middle-grey shade in
Fig. 14.10) coincides with the three year Tg-isotherm which means that the spherulitic texture of
this lithology started to develop after three years of cooling-and was completed after ca. 12 years,
as indicated by the match of the appropriate Tg-isotherm and the transition of that lithology to the
next following towards the dome centre. This long time frame of ca. 9 years represents the period
in which the spherulitic obsidian formed; the formation proceeded inwards from its outer contact
with the FVP towards the transition to the felsitic rhyolite. Similarly, spherulite forms associated
with lithophysae and 'lip'-structures in the very dome centre began to crystallise after 15 years
of cooling, as indicated by the match of that isotherm with the position of the lithophysae- and
'lip'-structure-bearing felsitic rhyolite, CRHY (dark-grey shade in Fig. 14.10). The relatively long
time period before crystallisation of spherulitic forms commences is known as 'nucleation lag' time.
The time estimates have to be regarded as minimum estimates since they represent the earliest
time at which spherulitic forms develop, i.e., close to the glass-transition temperature where they
have maximum growth rates.
Modeling the cooling of Obsidian Dome, California, MANLEY (1992) found the nucleation lag
time to be of the order of 14 years, assuming a dome height of 50 m. STEVENSON et al. (1994b)
reported nucleation lag times of the same order for rhyolite flows of the Okataina Volcanic Centre,
TVZ: 1-3 years for the upper obsidian layer and 3-30 years for the crystalline rhyolite centre of
the flow (the flows are 140-150 m thick). This large time frame contrasts with the very rapid
growth rate of spherulites (of the order of 10- 6 cm s-1) which amounts to just a few days for larger
spherulites (RICHNOW, 1999).

Wahanga Dome
The relatively restricted range of lithologies in Wahanga Dome gives only limited information.
However, the distribution of main lithologies, especially the transition zone FVP /RHY, shows there
is a good coincidence for the cooling isotherm at three years, as outcrops of the transition zone on
either side of the crater have the same cooling isotherm after three years. Since the transition zone
FVP /RHY marks the first onset of spherulites, the coinciding Tg-isotherm at three years marks
the time after which cooling rates are slow enough to allow spherulitic growth. The cooling rates
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were too fast in the FVP unit for spherulites to crystallise.
This onset of spherulitic growth after three years is the same as in Ngongotaha Dome. Although
the Wahanga Dome is 40 m higher than Ngongotaha Dome, and had a much longer cooling time,
the onset of spherulitic growth seems to be independent of the actual dome morphology but is
determined by the time period after which cooling rates are slow enough to allow for spherulite
crystallisation.

In summary, the cooling model of Wahanga Dome allows estimation of the time needed for the
entire dome to progress through the glass-transition. The time estimated is ",40 years. Comparison
with the spatial position of the transition zone FVP /RHY at both sides of Crater 2 and the path
of the Tg-isotherm shows that a match is given for three years. For the first three years the cooling
rate was too fast to allow the nucleation and growth of spherulites. This is reflected by the fresh
glass of the FVP. After three years the cooling rate dropped to such a level that the first tiny
spherulites could be formed. Further reduction in cooling rate resulted in a higher abundance of
spherulites.

14.2.8

Conclusions

During cooling, rhyolite domes develop a wide variety of textures which can be mapped to characteristic lithological units. These textures include glass, spherulites, microspherulites, poikilitic
and felsitic matrices, with varying abundances of vesicles, which in turn vary in shape from one
lithological unit to the other. The different textures provide a valuable insight into the cooling and
degassing history.
The distribution pattern of the main lithologies of rhyolite domes is concentric and follows the
overall dome outline and shape. Differences in dome morphologies (height, diameter) result in
varying cooling times and cooling rates which in turn influence the textural development.
Certain characteristic textures provide a temperature constraint for their onset and the duration
of their formation. A glassy matrix essentially expresses a "freezing" of the melt state without
crystallisation as the temperature drops below the glass-transition temperature (Tg). Similarly, the
majority of spherulitic growths occur close to and probably above the T g •
A suitable, two-dimensional cooling model allows one not only to estimate the overall cooling
of a dome, but also to trace the cooling isotherms for a certain temperature (here Tg) with time.
Superimposing the distribution patterns of these cooling isotherms and the distribution of main
lithologies gives answers about the onset and duration of the formation of the main lithologies in a
rhyolite dome.
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Draft of paper 2:
"Endogenous VB. Exogenous Dome Growth: Case Studies
from Ngongotaha and Wahanga, Taupo Volcanic Zone, New
Zealand"

Abstract
Detailed studies of internal flow structures of rhyolite domes give vital information about the emplacement mechanism, i.e., endogenous

VB.

exogenous dome growth. This paper investigates the

flow patterns within two rhyolites domes in order to establish dome growth models.
Ngongotaha Dome (Rotorua) and Wahanga Dome (Tarawera), Taupo Volcanic Zone, New
Zealand, provide excellent cross sections for the study of internal flow structures. The overall
pattern formed by flow structures such as flow layering, flow lineation and various other flow sense
indicators as well as characteristic large-scale discordancies between these flow patterns suggest a
predominantly exogenous dome growth mode for the two domes. It is suggested that Ngongotaha
Dome consists of at least six to eleven dome lobes and Wahanga Dome is built of five dome lobes.
This interpretation is supported by characteristic dome lobe length of 300-450 m based on rheological properties of such highly viscous rhyolitic lavas. Further evidence is given by the preservation
of near-surface textures between dome lobes.
Given a fairly rapid emplacement time of rhyolite domes in the order of one year, the distribution
of main lithologies is not determined by the prevailing emplacement mode, i.e., endogenous

VB.

exogenous, but rather by the overall cooling of the entire dome.

14.3.1

Introduction

The emplacement of rhyolite domes has not been witnessed within the last two hundred years.
Processes leading to and occurring during and shortly after the emplacement of rhyolite domes
have been outlined by comparison with dome emplacements rhyodacitic and dacitic lavas, as well
as numerous experimental dome growth simulations using materials which are thought to have
similar rheological properties as high silica lavas (GRIFFITHS & FINK, 1997; FINK & GRIFFITHS,
1998). However, studies of older rhyolite domes gave vital clues to their internal structures and

resulted in general dome growth models. Two basic dome growth models can be viewed as "end
members" of a completely transitional scale between exogenous and endogenous dome growth. Any
dome growth model incorporates these two basic processes to varying degrees and at varying times
during the dome emplacement.
Lava dome growth occurs by endogenous and/or exogenous growth modes. During exogenous
growth new lava is added to the outer surface of a dome whereas during endogenous growth new
lava is injected into the dome interior and dome growth occurs by inflation. Growth may occur
either as single continuous events or through a series of relatively small eruptive/effusive pulses
(SWANSON et al., 19)\.7), and during the growth of most domes both exogenous and endogenous
growth is involved at different stages and to different degrees. Two examples illustrate this point.
FINK et al. (1990) developed a three stage model of the dome growth of Mount St. Helens in which
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the two modes showed distinct trends in terms of cumulative volume increase. This model suggests
that the transition from exogenous to endogenous dome growth is controlled by the thickness and
strength of the dome carapace as well as the lengthening. of the repose intervals. Another well
studied case is the Unzen volcano, Japan, the most recent eruption of which (1993-1994) comprised
two pulses, one exogenous and one endogenous, each of

ca. 600 days duration (e.g., NAKADA et at.,

1995).
This study investigates the dome growth mode of two rhyolite domes of the Taupo Volcanic
Zone, central North Island, New Zealand, both of which provide very good internal cross sections.
These are Ngongotaha Dome, Rotorua Caldera, and Wahanga Dome, Tarawera Volcanic Complex.
The geological setting of both domes has been summarised in RICHNOW (1999). An excellent
cross section of the dome is given by.Henderson's Quarry which exposes the dome in a step-like
manner from the dome top to just above the dome base and vent area. An internal cross section
of Wahanga Dome is given by two craters formed during the 1886 basaltic fissure eruption at Mt.
Tarawera (COLE & NAIRN, 1975; NAIRN & COLE, 1981).
The findings of the present paper are largely based on detailed studies of the internal structure
as defined, for instance, by flow layering, shear sense indicators and folds, as well as mapping of
characteristic textures which are indicative of their original formation position, such as iron oxide
shells (MANLEY, 1995, 1996). It will be shown that such detailed structural studies give very
important information about the predominant emplacement mode, i.e., exogenous vs. endogenous
emplacement mode.
Comparison with experimental dome growth simulations (notably BLAKE, 1990; GRIFFITHS &
FINK, 1997; FINK & GRIFFITHS, 1998) allows one to derive estimates about eruption rates and
general rheological behaviour. Such comparisons are especially important regarding morphological
features characteristic for the two "end members" of eruption modes and the various transitional
stages.

14.3.2

Dome structures and their growths

Small-scale flow features
In general, highly viscous lava flows are characterised by flow textures and structures which
often allow the determination of flow direction, either precisely or approximately. These features
include flow foliation, lineation and deformation structures, developed in response to non-coaxial
shear. Solid particles in lava flows include crystals (microlites, microphenocrysts, phenocrysts,
xenocrysts), xenoliths, enclaves and devitrified clasts. Foliation in volcanic rocks is very similar
to foliation in metamorphic rocks (e.g., VERNON, 1987) and to deformation structures that result
from non-coaxial flow (e.g., BLUMENFELD & BOUCHEZ, 1988).
Rhyolite lava flows are commonly marked by a prominent flow layering, the origin of which may
differ from flow to flow (e.g., BROUWER, 1936; PHILIPP,1936; CHRISTIANSEN & LIPMAN, 1966;
COLE, 1966; SCHWAB, 1968; LONEY, 1968; FINK, 1983; HENRY et

at., 1990; STEVENSON et at.,

1993). There are two main types of flow layering in a flow or dome: (i) parallel to the flow direction
and, hence, a plane of shearing, and (ii) a plane of flattening which could be oblique to a plane
of shearing (CHRISTIANSEN & LIPMAN, 1966). The first type is due to non-coaxial deformation,
whereas the second type is due to coaxial deformation. Both types can be distinguished using the
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symmetries of the textures and structures (FERNANDEZ & LAPORTE, 1991).
Many authors (e.g., MAYO, 1944; CHRISTIANSEN &LIPMAN,-1966) suggest that flow lamination
develops in the conduit during magma ascent at uniformly high temperatures and pressures. This
initial flow layering may, during flow of the layers through the confines of the conduit, be enhanced
and overprinted by a different degree in crystallinity, secondary vesiculation and devitrification
processes(e.g., the growth of spherulites and lithophysae along preferred layers or shear planes).
Shear stresses along the conduit walls result in steep, almost vertical layering in the vent area.
In the distal parts of the rhyolite flow the layering is almost horizontal at the base but becomes
more steeply inclined upwards. Rotation of flow layering from near vertical to near horizontal is
restricted to flow parts which are capable of plastic deformation. Flow layering in rhyolite lava
flows dips in general towards the vent, and its strike is broadly arcuate around the vent.
Flow lines are often seen on flow layer surfaces. They restrict the possible flow direction within
the flow plane to two directions, provided suitable markers are present. Such markers consist of
chains of elongated vesicles stretched in the flow direction or sets of parallel grooves caused by
scouring of a viscous matrix by particles unable to rotate.
Apart from the two very prominent flow features briefly discussed above, a number of other
small-scale flow features are very important and are used to decipher the general flow orientation
within a given flow part. These features are listed below and references for each are given (for a
detailed discussion see RICHNOW, 1999).
• Microshear zones: BERNAUER (1938), SHELLEY (1985), SMITH et al. (1993a, 1993b)
• Flow folds: CHRISTIANSEN & LIPMAN (1966), BENSON & KITTLEMAN (1968), BONNICHSEN
& KAUFFMAN (1987), VERNON (1987), DRAGONI et al. (1992), SMITH & HOUSTON (1994)
., Rotational sense of solid particles (e.g., phenocrysts): LISTER & WILLIAMS (1983),
SIMPSON & SCHMID (1983), PASSCHIER & SIMPSON (1986), VERNON (1987)
.. Crystal shape-preferred orientation: JOHNSON & POLLARD (1973), FERGUSON (1979),
SHELLEY (1985), SMITH et al. (1993), VENTURA et al. (1996)
• Imbrication of solid particles: e.g., HIGGINS (1991)
., En echelon crack arrays: RIEDEL (1929), CLOOS (1955), LONEY (1968), WILSON & COSGROVE (1982), BONNICHSEN & KAUFFMAN (1987), SMITH (1996a, 1996b)
• Pull-apart structures (including rotated pull-apart clasts:) ALLEN (1936), BERNAUER
(1938), SCHMINCKE & SWANSON (1967), LONEY (1968), SIMPSON & SCHMID (1983), HIPPERTT (1993)
• Openings around rotated particles: SCHMINCKE & SWANSON (1967)
• Flow-distorted larger vesicles (no references)
Experimental dome growth simulations
Although monitoring dome growth (especially at Mount St.

Helens and La Soufriere) has

provided ample opportunities to study the extrusion of silicic magmas, and to develop models
relating it to their cooling, solidification, and rheology, many aspects are not yet understood.
Therefore, simulations of dome growth under controlled conditions are still vital to understanding
different dome growth modes and the formation of morphologies and structures, and delineating
the controlling parameters.
Laboratory simulations of lava flow and dome growth use the extrusion of a material with known
properties through a point or line source, either 'subaerially' or 'subaqueously', into a tank onto a
flat or inclined surface. Variations arise in the material used, in the rate and mode of 'effusion' (e.g.,
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Table 14.5: Materials and their properties used in laboratory simulations of lava flows/domes

material

material properties

references

silicon oil
glucose syrup

Newtonian fluid
Newtonian fluid having viscosity that
increases strongly with decreasing temperature
Bingham plastic with finite yield
strength, difficult to model solidification of crust
Newtonian viscosity when molten; deforms in either ductile or brittle manner when solid (depends on T and on
applied stress);
but lacks a finite yield strength at T
above its freezing point
has finite yield strength at room temperature as well as plastic viscosity and
yield strength which depends on cooling
rate

HUPPERT et al. (1982)
STASIUK et al., 1993a)

kaolin
PEG 1 )

PEG+kaolin

1)

HULME

(1974), BLAKE (1990)

GREELY & WORMER

(1981),

PARK & IVERSEN (1984),
FINK & GRIFFITHS (1990, 1992),
GRIFFITHS & FINK (1993),
FINK & BRIDGES (1995),
GREGG & FINK (1995)
GRIFFITHS & FINK (1997),
FINK & GRIFFITHS (1998)

polyethylene glycol wax

continued or episodic), and in a number of other boundary conditions. Table 14.5 lists frequently
used materials and summarises their properties. As FINK & BRIDGES (1995) pointed out, most
simulations differ in their assumptions about rheological properties of dome-building materials.
The most recent dome growth simulations relevant to highly viscous lavas were undertaken
by GRIFFITHS & FINK (1997) and FINK & GRIFFITHS (1998).

Their experiments resulted in

a morphological classification of the simulated domes which range from "spiny" (predominantly
exogenous) through "lobate" and "platy" to "axisymmetric" (predominantly endogenous) domes.
The different regimes are defined by the interplay of cooling rate (and, hence, formation of a
solidified crust) and eruption rate and they result in characteristic dome morphologies. This model
allows the estimation of eruption rates of prehistoric lava flows and domes from their morphology
if their composition and the time scale of solidification is known.

14.3.3

Methodology

Simplified, scale models of the two domes studied as well as base maps and maps of the cross
sections were drawn. The maps were used to plot the mapping results of the flow features. The
cross sections of each dome were thoroughly mapped for flow layering and features indicative of a
flow direction.
The dip and strike of the flow layering as well as flow directions were projected onto base maps
of the respective domes. These maps serve as first indicators of the likely extent and flow direction
of individual flow portions within the domes and can be used do create cross sections normal to
the exposure faces. Furthermore, the traces of the flow layering are plotted onto scaled drawings
of the respective cross sections of the domes. These traces add further information to the three
dimensional re-creation of the extent of individual flow portions.
Oriented thin sections were prepared for areas in which no macroscopic small-scale flow features
could be used as flow sense indicators. Alignment of (micro)phenocrysts, microlites and microscopic
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tension gashes are used to determine flow lines the directions of which are transferred onto the maps.
In addition, thin sections ofthe entire cross sectional area were examined for features suggestive
of a near-surface position within a flow, such as iron oxide shells (MANLEY, 1995, 1996).

14.3.4

Results

N gongotaha Dome
A schematic model of Ngongotaha Dome is given in Fig. 14.11 and shows the relation of Henderson's
Quarry to the entire dome as seen from the East, using a slightly oblique birds-eye perspective.
Also shown are the four main levels as defined by the benches. The 'base map' is a two-dimensional
representation of the quarry and is used to present selected data. The E-W cross section in Fig.
14.11 indicates the extent to which Ngongotaha Dome is exposed by the quarry and shows that the
quarry exposes the dome interior in a step-like manner.
Flow layering in the field depends on the lithology. In crystallised lithologies, such as RHY and
U.OBS, flow layering is defined by differently coloured layers, differences in vesicle, spherulite and
phenocryst content, differences in crystallinity and/or the presence of sheeting joints parallel to the
flow layers. Lithologies dominated by fresh obsidian show flow layering with differences in phenocryst, vesicle and/or spherulite content, variously coloured glasses and/or sheeting joints parallel
to the flow layers. Under the microscope the same features, apart from sheeting joints, define the
flow layering. In addition, flow layering is occasionally defined by parallel aligned microphenocrysts
and microlites as well as axiolitic growths in the case of spherulitic crystallisation.
Shearing along flow planes is a common feature throughout the entire exposed dome. Shear
sense indicators reflect the local shear sense and hence local flow direction which may not coincide
with the overall flow direction, and which may depend on local shear regimes. Locally, the shear
sense may be in a different direction to the overall flow direction as well as perpendicular to it at
dome lobe margins. At Ngongotaha, local shear senses indicate in general an overall flow direction
from the dome centre (vent area) to the dome margins.
The overall orientation of flow layering in terms of dip and strike is plotted in Fig. 14.13. In
the quarry the flow layering has generally a semicircular pattern the curvature of which is narrower
than that of the dome outline. To the far right of the second level some strike directions give a
steeper curvature (SE-NW to E-W) than the overall semicircular pattern. The strike of the crosscutting late-stage obsidian squeeze-ups is in general at a high angle to the semicircular pattern of
the flow layering as indicated by the dashed lines in Fig. 14.13.
The flow layering changes dip (steepness) within a level and from level to level. In the first and
lower second level, the flow layering is steeper at the left of the benches whereas it is, in general,
shallower at the right of the benches. Average dip values for the middle part of the first level are
slightly steeper than for the second level. From the second to the third level the steepness of flow
layering increases sharply whereas frorn the third to fourth level almost no difference is noticeable.
Fig. 14.12 summarises the average dip of the flow layering for each level as taken from the middle
part of each working bench.
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Cross section
E

Figure 14.11: Schematic model of Ngongotaha Dome and Henderson's Quarry. The horse-shoe shaped working
face of the quarry faces approximately East. The quarry has four main working benches which are each approximately 20 m high. Also shown are the main tracks used by lorries (thin black lines in the quarry). The projected
'base map' shows the relation of the four main working levels and lorry tracks to the quarry. The E-W cross
section cuts right through Henderson's Quarry and gives an approximate idea of the extent to which the dome is
exposed by the quarry.

All structures listed in the methodology section give reliable field data in
terms of determining the local flow direction which in most cases was identical to the overall flow direction, i.e.,
outwards from the dome centre (vent
area) to the dome margin and hence perpendicular to the working bench faces.
At outcrop faces parallel to the overall
flow direction and normal to the working benches an outwards and to a varying degree upwards flow direction (vent

Figure 14.12: Schematic cross section normal to the quarry face
showing the average steepness of flow layering taken from the
middle part of each working level (solid, heavy lines; see Fig.
14.13).

area towards dome margin) was found,
which confirms the findings of dip-and-strike measurements of flow layering.
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Dip and strike of flow banding
Approximate orientation of squeeze-ups
Approximate dome lobe outline

Figure 14.13: Map showing dip and strike of flow layering as measured directly on the working faces. A general
semicircular pattern across the levels is evident. This semicircular pattern is interrupted by late-stage obsidian
squeeze-ups as indicated by the thin dashed lines. Note: Not all dip-and-strike data for the squeeze-ups are
plotted. The general semicircular flow pattern is also interrupted by large-scale folds which range in the scale of
metres such as to the left and right in the first level.

37

Figure 14.14: Figure (a): Tiny opaque or reddish-brown oxidised blebs of probably hematite form oxide shells
around tiny vesicles (scale: 50 jtm). Figure (b) shows strongly distorted, stretched and broken Fe-oxide shells
(length of view: 0.16 mm)

On outcrop surfaces of working benches at the first level (i.e., normal to the overall flow direction)
minor occurrences of shear sense indicator show local deviations from the overall flow direction in
those areas. Examples of rotated plagioclase phenocrysts indicate a dextral shear sense at the left
side of the working bench and sinistral at the right side of the bench.
MANLEY

(1995, 1996) discussed welded tuff-like textures in the carapace of rhyolite flows in-

volving iron-oxide shells similar to those seen in Fig. 14.14. These textures consist of brownish
to light reddish discontinuous, sub-parallel linear sheets or schlieren within the glass matrix. High
magnification reveals that these sheet-like structures are composed of very tiny particles. These
were interpreted as distorted remains of shells of iron-oxide grains formed concentrically around
vesicles which have now collapsed, annealed and effectively been removed. The presence of these
schlieren or sheets reveals , therefore, formation in a near surface environment such as a flow/dome
carapace. Such tuff-like textures were found in the upper second and in the lower fourth level of
the Henderson's Quarry.
Wahanga Dome

Figure 14.15 shows the cross section of
, onion skin' structure

Wahanga Dome along the two craters cre-

transition FVP/RHY

ated by the 1886 basaltic fissure eruption.
Note the flat top of the dome and the
slightly raised edges which are more pronounced at about five places where they
form spine-like protrusions. These spinelike protrusions form the only places where
solid rock is exposed; otherwise the entire
dome surface is covered by loose scree con-

Figure 14.15: Cross section of Wahanga Dome along the two
craters formed by the 1886 basaltic fissure eruption. Also
shown schematically is the distribution of the main lithologies.

sisting of mainly scoria of the 1886 basaltic
eruption and various rhyolites.
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Flow structures used consist primarily
of flow layering and 'onion skin' structures
as well as all small-scale flow features as
listed under Ngongotaha Dome. Flow layering could be measured at the protrusions
along the dome top surface and within the
two craters. At the outcrops, flow layering
is visible only on slightly weathered surfaces
where it is expressed as a faint and coarse
colour banding. In FVP flow layering is evident in the flattening of the vesicles. However, access to many parts of the cliffs was
limited, and in places measurements could
not be taken because of high vertical cliff
faces. The presence of basal breccia at the
bottoms of the cliffs in the craters also precluded measurements of the flow layering
for the overlying RHY. A prominent 'onion
skin' structure is present on the NW-face

Figure 14.16: Orientation of the flow layering and location
of the 'onion skin' structure (thick grey line) at Wahanga
Dome. The circled numbers indicate the craters; the dashed
lines outline the various units at Mt Tarawera and are taken
from NAIRN (1989).

of Crater 2.
Fig. 14.16 summarises the orientation of the flow layering as measured in the field. The flow
layering apparently outlines the dome, especially at the spine-like structures along the dome top
surface. The 'onion skin' structure on the NW-face of Crater 2 is clearly visible by the orientation
of its flow layering. The two measurements to the left of the 'onion skin' structure (with a dip of
86°) outline a steep spine.

14.3.5

Discussion

General remarks
The two modes of dome growth, exogenous and endogenous, result in different orientations of flow band-

..:::.:......

ing reflecting their emplacement behaviour and sequence.

Purely endogenous growth gives rise to a

concentric flow banding in which the flow layers follow the dome outline. Inflation by continuously adding
lava causes shearing parallel to the dome margins and
development of the so-called 'onion skin' structure (Fig.
14.17). Such 'onion skin' structures are best developed
in cryptodomes such as Momo-iwa cryptodome on Rebun Island, Hokkaido, Japan (GOTO & MCPHIE, 1998)
and lava flow lobes. During exogenous dome growth

Figure 14.17: Schematic diagram showing endogenous dome growth by inflation and development of flow banding parallel to the dome margins due to shearing.

lava is forced through and pushes apart fractures of the
carapace, and than flows onto the carapace. The high viscosity of rhyolitic melts suggests that
lava extrudes very slowly and more chunk-like (as lobes) rather than spreading laterally to form
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flow sheets. Flow banding will be parallel to the lobe margins and follow the orientation of the
overtopping lava 'chunks'. Therefore, the overall flow banding of successive lava 'chunks' will be
discordant to the orientation of flow banding in previous lava extrusions.
Large-scale discordances in flow
layering can be explained by lava
lobes emplaced in succession as depicted in Fig. 14.18 and discussed below. An initial magma pulse leads to
the extrusion of a lava lobe which develops a flow layering in response to
shearing already in the conduit and
which is later essentially parallel to
the outline of the lava lobe. On extrusion, fractures develop at the lobe
surface cutting through the uppermost flow layers (stage 1).

A sub-

sequent magma pulse initially forces
the segmented lobe parts out and
Figure 14.18: Examples of exogenous dome growth showing the deaway and thereby possibly rotates the velopment of marked discordances in the orientation of flow layering.
lowermost segments (stage 2). From
this stage several scenarios may be considered, two of which are shown in Fig. 14.18. In stage 3a
further lava extrusions occur preferentially along existing fracture lines, thereby further rotating
the segmented parts of the initial lava lobe. This leads to the development of discordancies in flow
layering adjacent to the newly extruded lava lobes. Alternatively, there may be the development
of lava lobes from the segmented parts of the initial lava lobes (stage 2 and 3b) with the extrusion
of subsequent lava lobes above the existing ones. Discordancies in flow layering are restricted to
near-vent areas. The overall emplacement style is therefore exogenous with a minor endogenous
component at the very beginning of the eruption sequence.

N gongotaha Dome
The pattern of the flow layering (except for late stage obsidian squeeze-ups) is fairly systematic
within the first and second as well as the third and fourth level. The radius of the semi-circular
shape of the pattern (as indicated by the dashed lines in Fig. 14.13) is not consistent with that of
the dome radius but is much smaller. The overall radius also changes from the first to the fourth
level in that it becomes wider instead of narrower. For a simple, entirely endogenous dome growth
one would expect that the radius of the arc, formed by traces of the flow layering at equal distances
from the dome centre, would become smaller from the outside towards the centre, i.e., the curvature
of the arc would be more pronounced. The pattern at Ngongotaha, however, shows an opposite
tendency.
The dips of the flow layering show marked differences between the lower two and the upper two
levels in the quarry. They are more shallow in the lower part (first and second level) and markedly
steeper in the upper part (third and fourth level; cf. Fig. 14.12).
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The present distribution pattern of the flow layering within Henderson's Quarry can be visualised
three dome lobes leaning on each other (marked by the dashed-pointed lines in Fig. 14.13 and by
thin, solid lines in Fig. 14.12). The dotted lines in Fig. 14.12 demonstrate a likely course of the
flow layering based on the measured dips and the inferred dome lobes.
The presence of three dome lobes in the quarry area should find not only its expression in
the orientation of the flow layering but also in lithological changes along the boundary. However,
cooling modeling (RICHNOW, 1999) showed that a quick succession of lava flows onto each other
provides sufficient heat to reheat the already solidified surface of the underlying flow to temperatures
above the melting point. This plus a constant reworking of the involved material due to further
advancement of the overlying, still extruding dome lobe are likely to be sufficient to overprint
lithologies otherwise characteristic for the boundary between two lava flows, especially various
kinds of breccias and highly vesicular material of the near-surface area of the underlying flow.
However, one texture has been described in literature which is indicative of near-surface portion
of rhyolite flows and which can be preserved during reheating and reworking. This welded tuff-like
texture consists of heavily distorted remains of shells of iron-oxide grains formed concentrically
around vesicles which have now collapsed, annealed and effectively been removed (MANLEY, 1995,
1996). Such textures (cf. Fig. 14.14) have been found in the upper second and the lower fourth
level of the quarry. Comparing these locations with the inferred positions of dome lobes (Figs.
14.13 and 14.12) it is evident that they are close to the margins of the dome lobes which provide
the right conditions of formation for such textures, as suggested by MANLEY (1995, 1996). These
textures may therefore be used as further evidence for the presence of three dome lobes within the
exposed quarry area.
Mapping of flow layering has also revealed the existence of discordances in the flow layering
which range over the entire height of a working bench, i.e., they are traceable over distances >20
m. A few instances of such abrupt changes in the orientation of flow layering have been observed
in the quarry and more are inferred to be present in non-exposed parts of the dome. Large-scale
discordances in flow layering can be explained by lava lobes emplaced in succession as depicted in
Fig. 14.18 and as discussed above.
A further argument for the existence of the three inferred dome lobes in the quarry area-and
the prevailing exogenous dome growth nature-is found in the characteristic rheological behaviour
of rhyolite lava flows and their resulting characteristic extrusion lengths. After a certain length of
lava lobe has been extruded, the lava becomes too brittle to be deformed in a ductile manner and
to grow further as a lava lobe. Further lava flowage is by the development of new lava lobes. This
has been illustrated by studies of NAKADA et al. (1995) at Mt Unzen, Japan, where exogenous
structures during the 1993-1994 eruption comprised 13 discrete lobes. The typical lobe is 300-400
m long, 200-300 m wide and 50-100 m thick. After reaching a lobe length of 350-400 m, the lobe
crust proves too brittle to be deformed in a ductile manner by the force of following lava and a new
lobe develops over the vent.
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In summary, Ngongotaha Dome
extruded in a predominantly exogenous manner with an initial endogenous component 8 .

At Ngongotaha

Dome, lava lobe lengths may be estimated as 350 to 430 m based on geometrical reasoning and a dome diameter of 950 m. This compares well
with the es.timated lengths of exogenous lava lobes at Mt. Unzen, Japan.
Further magma extrusion results in Figure 14.19: Inferred exogenous eruption mode of Ngongotaha
new lava lobes which by toppling over
Dome. For discussion see text.
take orientations as dictated by available spaces left by previously emplaced lava lobes. As the space around the vent is filled by lava
lobes further lobes will piles over these (long arrows in Fig. 14.19). If adjacent lava lobes extrude
in rather quick succession the later lobe may be able to push the former lobe slightly aside (short
arrows in Fig. 14.19). The extrusion direction of a lava lobe may not necessarily be straight from
the vent but may be slightly curved if the lava lobe rotated slightly while extruding. The space
available between individual lava lobes is continually filled with different kinds of breccias, such as
carapace and base breccias-a process which results in a roughly circular dome outline.
The number of lava lobes may range somewhere six and eleven as estimated by the morphological
dome parameters. This compares with 13 exogenous flow lobes at Mt. Unzen which formed during
the 1993-1994 eruption.
Comparing Ngongotaha Dome with dome growth simulations:
Recent dome growth simulations by GRIFFITHS & FINK (1997) and FINK & GRIFFITHS (1998)
provide the means of estimating eruption rates of prehistoric lava domes from their morphology.
The necessary parameters include the eruption temperature, T e , glass-transition temperature, T g ,
solidification time, t s , and yield strength,

To.

All these values are readily estimated for Ngongotaha

Dome. However, first, Ngongotaha Dome has to be classified with respect to the four flow regimes
established by the above authors. The four flow regimes, or morphologies, are characterised by a
certain range of the dimensionless parameter

\[FE.

Since the dome surface of Ngongotaha Dome is

not exposed, the stated surface characteristics cannot be used for the classification. As proposed a
relatively small number of lobes extruded in a predominantly exogenous fashion, with few late-stage
obsidian squeeze-ups. Obsidian squeeze-ups have been found reaching to and stopping just under the
dome surface. It is likely that other squeeze-ups or even small lobes formed spines which protruded
from the dome surface and which were later removed by the explosive/effusive emplacement of
other domes of the Ngongotaha Dome Complex or by erosion. These characteristics, as well as the
roughly circular dome outline, put Ngongotaha Dome somewhere between the 'spiny' and 'lobate'
dome types which gives a range of 0.03

< \[FE < 0.3.

However, the 'lobate' category is considered

more likely in the following discussion. According to GRIFFITHS & FINK (1997) these small

\[FE

80 ne could argue that every extruding dome has to start in an endogenous manner which further on can continue
as endogenous or change to an exogenous style--depending on extrusion rate, degree of cooling and formation of a
solid carapace.
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values indicate a rapid solidification or very slow eruption rates.
Taking Te

=

815°C

(magnetite~ilmenitegeothermometer)

and Tg

=

711°C (rheological glass-

transition temperature calculated after HESS & DINGWELL, 1996), the solidification time, ts, can
be estimated as rv22 seconds using the Te

VB.

ts plot of FINK & GRIFFITHS (1998: 533) which

= 700 ± 50°C. Using a yield strength9
< WE < 0.3 the eruption r~te is in the range

has defined Tg-curves at Tg

of 3.1 . 105 Pa and the above

estimated range 0.03

of Q ~ 2···20 m 3 s-l. This

range of eruption rates compares well with calculated values of 0.6· .. 11 m 3 s-l for Obsidian Dome,
California, 4.5· .. 32 m 3 s-l for Chao Dacite Flow, Chile, and 3· .. 12 m 3 s-l for South Sister Domes,
Oregon (all examples in FINK & GRIFFITHS, 1998).
Using the calculated dome volume of 0.058 . 109 m 3 and the calculated eruption rates, the
emplacement of Ngongotaha Dome would have taken between 34 and 336 days, i.e., from just over
one month to almost one year. Given a 'lobate' flow regime for Ngongotaha Dome the overall
extrusion time was probably close to one year. This compares with an observed emplacement time
of ca. 600 days for the 13 exogenous dome lobes of Mt. Unzen Dome during the 1993-1994 eruption
(NAKADA et at., 1995).
Wahanga Dome
Critical to the establishment of morphological parameters for Wahanga Dome is
the presence of basal breccias in the investigated craters.
Basal breccias indicate

the

close proximity to the actual
dome base. Comparison with
other rhyolite domes and flows
shows that basal breccias have

Figure 14.20: NW-SW cross section through the Wahanga Dome showing

an overall gentle sloping of the top surface to the northwest.

a thickness between 10-20 m
(e.g., BONNICHSEN & KAUFFMAN, 1987; SUMNER, 1995a, 1995b). Up to seven metres of basal
breccias are exposed in the two craters at Wahanga Dome. Its height (180 m) and diameter (long:
1080 m, short: 920 m) were estimated from cross sections through the dome at locations where the
dome base can be identified. Fig. 14.20 shows a cross section through Wahanga Dome oriented normal to the cross section shown in Fig. 14.15. The dome probably extruded onto a slightly inclined
surface. Wahanga Dome is roughly circular in outline and the difference between the maximum
and minimum radius is 80 m.
As seen at Ngongotaha Dome and in the dome growth simulations by GRIFFITHS & FINK
(1997) and FINK & GRIFFITHS (1998), a roughly circular dome outline does not necessarily imply
a predominantly endogenous dome growth. The idea that Wahanga Dome has a major exogenous
growth component was already proposed by COLE (1970) who suggested a central vent and lava
extrusions to the north, southeast and southwest.
9The yield strength has been calculated using the equation given in BLAKE, 1990, and the following parameters,
dome height = 140 m, dome radius = 140 m and melt density = 2390 kg m- 3 . This yield strength value is almost
identical to that used by FINK & GRIFFITHS (1998) for paleo-eruption rate calculations of rhyolite domes.
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The 'onion skin' structure in crater 2 indicates the presence of a dome lobe. The arrow in Fig. 14.16 indicates the inferred flow
direction of this dome lobe based on the apparent closure direction of the 'onion skins'.
This direction coincides with the southeast
direction of one of the dome lobes suggested
by COLE (1970). However, this direction
has to be slightly corrected if one assumes
a central vent position for Wahanga Dome
(Fig. 14.21). The flow layering in Crater
1 points to a probable second dome lobe
having an extrusion direction towards the
east. The orientation of the flow layering
along the dome top does not indicate any
deflections from a circular outline. How-

Figure 14.21: Inferred vent position and position of inferred
dome lobes at Wahanga Dome. See text for discussion:

ever, the sparsity of outcrops makes interpretation difficult. These outcrops form the spine-like protrusions along the dome outline and may
be interpreted as the eroded tops of dome lobes. This is supported by aerial photographs which
show a number of arcuate shapes as outlined as dashes lines in Fig. 14.21. Based on the number
of protrusions and arcuate shapes across these protrusions five dome lobes can be inferred whereby
their extrusion directions result from the vent position (Fig. 14.21). The dome lobes are on average
450-500 m long. However, the flow structure towards the east has tendencies towards a coulee
based on its length exceeding 700 m.
The small circular shape at the SW-end of Crater 2 represents a prominent spine protruding
from the dome lobe. The spine probably extruded before the southernmost dome lobe and was
carried outwards during the extrusion of this dome lobe. A similar behaviour of spine movement
has been observed during the 1993-94 eruption of Mt. Unzen (NAKADA et

at., 1995). The overall

dome extent of Wahanga Dome is outlined with the dotted line and does not take the talus into
account (Fig. 14.21).
The two studied domes showed a predominant exogenous dome growth mode in which new dome
material is added through fissures and cracks of a temporary (partially) solidified carapace onto the
dome surface. This results in a characteristic distribution of flow layering which depends on the
form and shape of each extruding dome lobe. Although the pattern of flow layering is characteristic
for each dome lobe the distribution of main lithologies is not defined by the individual dome lobes
but by the overall dome shape-as seen in Section 14.2. One requirement for this to happen,
however, is that the dome lobes extrude in a relatively short time period, i.e., in the order of one
or a few years, which allows reheating of the crust of the underlying dome lobes to temperatures of
above the melt point. The reheating and further reworking of the material due to movement of the
extruding overlying dome lobes overprint all characteristic lithologies which are otherwise present
between two individual flows.
This means that the distribution of main lithologies at the two studied domes is not determined
by the emplacement mode of these domes, i.e., exogenous
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VB.

endogenous, but by the overall cooling
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of the entire dome.

14.3.6

Conclusions

The internal structure of rhyolite domes is complex and subject to the emplacement history. The
vast majority of flow structures and flow sense indicators in rhyolite domes is analogous to similar
structures in metamorphic rocks and they are due to similar flow, shear and stress processes.
Detailed studies of these flow structures at cross sections through a rhyolite dome reveal characteristic pattern which can be interpreted in terms of prevailing flow mechanisms and participating
major flow units. These flow patterns are due to the emplacement mode, i.e., whether a dome grows
predominantly by endogenous or exogenous growth mode.
The two investigated domes, Ngongotaha and Wahanga Dome, grew in a predominantly exogenous manner. This interpretation is based on characteristic (i) patterns of flow structures, (ii)
flow length of highly viscous rhyolite flows and (iii) preserved textures which indicate near-surface
formation conditions (at Ngongotaha Dome).
Comparison with suitable dome growth simulations based on morphological parameters can be
used to (i) confirm interpretations based on field data and (ii) estimate rheological parameters,
eruption rates and overall eruption length.
Given an overall emplacement time in the order of one year, the distribution of main lithologies
in a rhyolite dome is determined by the overall cooling of that dome and, hence, is concentrically
oriented following the overall dome outline-and is not determined by the emplacement mode, i.e.,
exogenous

VS.

endogenous.

Each rhyolite dome is unique in terms of emplacement mechanism, within the transitional range
from endogenous to exogenous dome growth, and in terms of present lithologies, thickness and
distribution.
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Chapter 15

Terminology
enclosed in quartz network of optically uniform
patches.

Cryptocrystalline texture : Matrix is too finegrained to identify any minerals. No distinct
birefringence is visible.

Obsidian: Vesicle-free
to
vesicle-poor,
notcrystallised (and hence devitrified) volcanic
glass of high-silica composition. Its colour may
be black, or any shade of yellow, brown, red
or blue depending on the degree of oxidation
and/or abundance of minute vesicles and/or
microlites.

Endogeneous dome growth: Mode
of
dome
growth during which material to a dome is
added solely to the interior of the dome without
penetrating the dome surface. Dome growth is
achieved analogue to the inflation of a balloon.
Exogeneous dome growth: Exogeneous
dome
growth is achieved by adding fresh lava
to (!onto) the outer surface of the growing
dome. Fresh material is able to penetrate the
dome surface along fractures and other openings within the already solidified dome crust.
Felsitic texture: Very fine-grained mosaic of quartz
and alkali-feldspar with irregular, anastomosing grain boundaries.
Poikilitic texture: Inclusion of mineral grains in a
larger grain of another mineral. Randomly oriented, generally euhedral alkali-feldspar laths

Snowflake texture: Feldspar lath or coarse
spherulites are enclosed in a coarse-grained
mosaic of quartz. These forms should resemble
snowflakes.
Spherulitic texture: Matrix consists mainly of
clusters of radiating crystals forming different
shapes.
Vitrophyre: A porphyritic igneous rock having a
glassy matrix. The term is not restricted to
a certain chemical composition.
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