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SUMMARY

It is evident that modification of primary melts from the mantle is significant in magma
petrogenesis as primitive magmas are only rarely observed as erupted lavas at the Earth’s surface.
Ascent and density filtering of primary arc magmas in the crust promotes modification of these
melts by numerous processes, most importantly crystallisation and crustal contamination.
However, modification can also be due to a combination of these processes, magma mixing and
degassing. It is possible to identify the products of these processes in the resulting geochemistry
of erupted magmas. However, these signals are often difficult to discern.

Petrology and geochemistry provide a means of identifying and potentially quantifying
igneous differentiation processes; whole rock major, trace element, and isotope data can be used
to track changes and evolution of the magma systems. However, without careful ground-truthing
using petrography and in-situ analytical techniques, whole-rock data may only represent a blurred
average of a more complex record of processes.

Utilising such petrological and geochemical techniques, this work evaluates variations in
rock samples due to differentiation processes, specifically magma-crust interaction, operating
beneath the three study areas; Slieve Gullion, Merapi Volcano, and the Taupo Volcanic Zone.
These results are in the context of magmatic evolution in three different geo-tectonic settings;
intra-plate (Ireland), continental (New Zealand) and oceanic arc volcanism (Java, Indonesia).

The Palacogene volcanism of Slieve Gullion, in South Armagh and Louth is discussed in Chapter
2. Magma-crust interaction in a shallow intra-continental system is investigated using traditional
geochemical and petrological techniques. The influence of crustal contamination on isotope
composition is recorded in the geochemistry of magmas from virtually all British and Irish
Palaeogene Centres and Slieve Gullion ring-dyke magmas are no exception, with evidence for
contamination with Southern Uplands-type local Palaeozoic Mid-to-Upper crustal sedimentary
rocks and Caledonian granitic crust, emphasising the severe effect of crustal heterogeneity on
ascending mantle magmas. Additional contamination of Slieve Gullion magmas (e.g. for basaltic
dyke sample) in the deep crust cannot be ruled out since the evidence for such an event would be
strongly obscured by upper crustal contamination events. The Sr and Nd isotope rations do the
Slieve Gullion ring-dyke magmas are consistent with at least two stages of contamination during
upper crustal residence and storage and support petrographic, major and trace element evidence
which indicates that there is a strong genetic link between porphyritic rhyolite and granite.
Fractionating magmas of basaltic and intermediate composition are contaminated by local
sedimentary rocks, giving rise to rhyolite magmas that experience additional late shallow
contamination by the most fusible portions of the Newry Granodiorite. The last stages of
fractionation and contamination potentially occur in a zoned rhyolite magma chamber, which was
tapped, with ascending magma forming a composite ring-dyke complex.

Chapter 3 addresses continental arc volcanism of North Island, New Zealand and the distinction
between magma-crust interaction at source and in the lithosphere employing Hf isotope analysis.
Despite representing the least evolved products of the New Zealand continental subduction zone
system, and thus the most likely to reflect primary melt signatures, Ruapehu, Taranaki, and
particularly the Taupo Volcanic Zone basalt samples show evidence for crustal contamination, in
contrast to samples form the oceanic Tonga-Kermadec arc. All samples analysed are displaced
from both MORB compositions and from Kermadec and Tonga samples for '*Hf/"’Hf isotopes.
Samples with the lowest SiO, contents have the lowest, i.e. most crustal *Hf/'”’Hf isotope ratios,
with a negative correlation apparent in the TVZ basalt samples analysed. This indicates Hf
isotope variation, at least in these samples is not a source contamination effect. Despite a lack of a
similar trend in the Ruapehu and Taranaki samples, crustal contamination is also a factor for these
centres based on the presence of variably metamorphosed crustal xenoliths and geochemical



heterogeneity reported in the literature. This portion of the study highlights the inherent danger in
using whole rock geochemical systems in isolation to assess processes and evolution of
crystalline porphyritic samples. Little evolved basaltic rocks may be influenced strongly by
shallow crustal contamination. Thus, care must be taken when using apparently relatively un-
evolved volcanic products to assess source compositions and mechanisms.

Chapter 4, which forms the main body of work in this thesis, addresses recent oceanic arc
volcanism at Merapi Volcano in Java, Indonesia and resolving magma petrogenesis and evolution
in the crustal and the nature of the magmatic system feeding volcanism using a fusion of
traditional and innovative geochemical and textural techniques in conjunction with geophysical
constraints. Findings from analysis of fumarole gas and inclusions and crystals hosted in recent
eruptive products suggest the presence of a large and complex plumbing system feeding
volcanism. This system is largely located in the mid-to deep crust with a network of multiple
potentially ephemeral chambers feeding volcanism. This considerable volume of melt in the crust
may evolve to from a large-volume explosive system in central Java, through repeated melt
injections and melting of the surrounding country rock. Crystals, xenolith and gas compositions
provide strong evidence for significant interaction between Merapi magma and the local crust,
which is masked in bulk rock geochemistry.

As in the New Zealand study, this illustrates the dangers inherent in building models of
magma petrogenesis based solely on whole-rock geochemical data fro crystal-rich arc lavas, or
indeed any one analytical technique used in isolation (e.g. CSD). The relatively chemically
monotonous whole rock compositions of Merapi basaltic-andesites, disguises a multitude of
complex processes occurring throughout the crust and into the upper mantle with significant
impact on the Merapi magmatic and volcanic systems. These basaltic-andesites more than likely
were never a true liquid but rather a mix of crystals and melts from multiple sources.

Chapter 5 compares the results discussed in the previous three chapters in the context of magma-
crust interaction in volcanic systems in different tectonic settings. For Slieve Gullion, and intra-
continental plate setting, whole rock isotope techniques allowed for identification of a multi-event
evolution for ring dyke magmas due to the highly radiogenic and variable nature of the country
rocks. For New Zealand samples in a continental arc setting, Hf isotopes identified crustal
contamination in the most primitive erupted products and highlighted the significant geochemical
heterogeneity in more evolved and crystalline samples. This is mirrored in the more detailed
geochemical and petrographic study of oceanic arc eruptives from Merapi volcano. Even in this
relatively simple tectonic setting with immature arc-crust, the significance of crustal processes
and particularly of shallow-level contamination has been previously underrated, and has
significant implications for understanding the evolution and eruptive behaviour of the volcano
and this hazard prediction.

With the advent of more accurate and precise analytical techniques, subtle signatures that
may previously have gone unrecognised may be identified. From these three studies, combined
with similar published results for other systems (e.g. Ruapehu: Price et al., 2005; Arenal:
Lundstrom & Tepely, 2006), it appears that high degrees of geochemical complexity within
individual units is the norm rather than the exception for magmatic systems of a significant size
and or degree of evolution. This variability is now resolvable using new and combined analytical
approaches.
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CHAPTER 1 INTRODUCTION

CHAPTER 1 — INTRODUCTION

1.1 General Introduction

As far back as Empedocles (c. 490-430 B.C.) (Sigurdsson, 1999), volcanoes have been a
documented source of intense curiosity and study, particularly the structure and
evolution of the sub-surface magmatic system that drives surface volcanism. As with
many fields of geology, the inherent difficulty in trying to understand both the chemical
and physical evolution of the volcanic and magmatic system is that often only a very
small percentage of these systems is ever observed or accessible for research. In active
systems, the expelled products of the volcano are analysed and hypotheses are drawn
about the associated supply system from the results obtained. For extinct and eroded
volcanoes, the supply system may be partially exposed providing analogues to help
unravel a volcano’s interior. Therefore, hypotheses based on modern systems are
required to comment on the potential volcanism of ancient centres and the evolution and

dynamics of magmatic systems remain insufficiently constrained.

It is evident that modification of primary melts from the mantle is significant in magma
petrogenesis, as primitive magmas are only rarely observed as erupted lavas at the
Earth’s surface. Ascent and density filtering (Annen et al., 2006) of primary arc magmas
in the crust promotes modification of these melts by numerous processes, most
importantly crystallisation (Bowen, 1928; Gill, 1981; Rogers & Hawkesworth, 1989;
Grove et al., 2002, 2003) and crustal contamination (Grove et al., 1988; Davidson &
Tepley, 1997). However, modification can also be due to a combination of these
processes (e.g. De Paolo, 1981),as well as magma mixing (e.g. Eichelberger,1978;
Hildreth & Moorbath, 1988) and degassing (Hammer et al., 2000). It is possible to
identify the products of these processes in the resulting geochemistry of erupted
magmas, however these signals are often difficult to discern (e.g. Troll & Schminke,
2002).

Petrology and geochemistry provides a means of identifying and potentially

quantifying igneous differentiation processes; whole rock major, trace element, and
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isotope data can be used to track changes and evolution of the magma systems.
However, without careful ground-truthing using petrography and in- situ analytical
techniques, whole—rock data may only represent a blurred average of a more complex

record of processes.

1.2  Thesis aims and structure

The main aims of this thesis are:

a) To utilise petrological and geochemical techniques in conjunction to evaluate
variations in rock samples and put these variations in a context of differentiation
processes, specifically magma-crust interaction, operating beneath the three
study areas; Slieve Gullion, Merapi Volcano, and the Taupo Volcanic Zone.

b) To address these results in the context of magmatic evolution in three different
geotectonic settings; intra-plate (Ireland), oceanic (Java, Indonesia) and

continental arc volcanism (New Zealand).

Due to the tectonically and geographically diverse nature of the study areas, the main
body of this thesis will be presented in three parts that will address the first main aim
stated above. Chapter 2 will focus on the Palaeogene volcanism of Slieve Gullion, in
South Armagh and Louth, where magma-crust interaction in the chamber is investigated
using traditional geochemical and petrological techniques. Chapter 3 will address
volcanism of the Taupo Volcanic Zone, New Zealand to resolve magma-crust
interaction at source employing Hf isotope analysis. Chapter 4, which forms the main
body of work in this thesis, will deal with recent volcanism at Merapi Volcano in Java,
Indonesia and resolving magma petrogenesis and evolution in the crust. This section will
also address the nature of the magmatic system feeding volcanism using a combination
of traditional and innovative geochemical and textural techniques in conjunction with
geophysical constraints. Finally, chapter 5 will address the second main aim stated
above by comparing the results discussed in the previous three chapters and drawing

them together to form an account of magma-crust interaction in volcanic systems in
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general, summarising the main conclusions of chapters 2, 3, and 4 and suggesting further

areas for research.
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CHAPTER 2 — SLIEVE GULLON IGNEOUS CENTRE, IRELAND

2.1 Introduction

Large igneous provinces (LIPs) are characterised by voluminous mafic magmatism,
including lava flows, associated magma conduits (sills and dikes) and intrusions, all
emplaced over geologically short timescales (Coffin & Eldholm, 1994), produced by a
combination of thermal anomalies in the mantle and thinning of the lithosphere. The
magmatic rocks of the North Atlantic Igneous Province (NAIP), with an estimated
volume of 5-10 x10° km® (White & McKenzie, 1989; Eldholm & Grue, 1994; Holbrook
et al., 2001; Saunders et al., 1997), are a prime example of this phenomenon, and
considerable work has been done to characterise the mantle sources and processes
involved in their formation (e.g. Upton et al., 1983; Ellam & Stuart, 2000). However, as
well as this characteristic large-volume mafic magmatic activity, more evolved magmas
sited in central volcanic complexes are a significant feature of the NAIP, particularly in
the NW British and Irish sector, the British Palacogene Igneous Province (BIPIP) (Bell
& Emeleus 1988; Bryan et al., 2002). A major focus in the study of the BIPIP has long
been the origin these highly silicic rocks (cf. Gamble, 1979; Meighan, et al., 1984;
Thompson et al., 1986; Sparks, 1988; Bell, & Emeleus 1988; Bell & Williamson, 2002;
Troll, et al., 2004). Geochemical diversity in BIPIP magmatic rocks has been previously
attributed to multiple heterogeneous mantle sources (e.g. asthenosphere, lithosphere,
depleted lithosphere, etc.) as well as crustal-level processes, including fractionation and
assimilation. The influence of crustal contamination on isotope compostition is recorded
in the geochemistry of magmas from virtually all British and Irish Palaecogene volcanic
complexes (e.g. Kerr et al. 1999; Ellam & Stuart, 2000; Bell & Williamson, 2002;
Geldmacher et al., 2002; Troll, et al., 2004).

The British-Irish Palaecogene Igneous Province (BIPIP) is an ideal natural laboratory for

studying the influence of crust on ascending mafic magmas. The province is underlain
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by structurally and geochemically relatively well-characterised crust that is divided by
major structures into numerous isotopically distinct tectono-stratigraphic terranes
(Figure 2.1). As well as this, being old (Archean to Palaeozoic) crust, the distinct
isotopic signature of these crustal terranes are also markedly dissimilar to primary melt
compositions (Dickin, 1981). Thus, even limited interaction with this crust may be easily
identified using standard isotopic geochemical techniques. In addition, there is a full
spectrum of magmatic compositions in the province, from ultra-mafic intrusions to
highly evolved rhyolitic ignimbrites (e.g. Bell & Emeleus, 2005). The crustal terranes
that underlie the BIPIP have in many cases, imprinted their own distinctive elemental
and isotopic characteristics on ascending magmas and variations in magmatic isotopic
composition are in many cases, a reflection of the basement geology and lithospheric
provinciality in the northwest Britian and Ireland (Gamble et al., 1992; Geldmacher et
al. 2002). This highlights the potentially important control of crustal rocks on the
geochemistry magmas of the BIPIP, particularly for the evolved rocks of the central

volcanic complexes.

Although the intrusive history of the Slieve Gullion Igneous centre and the geochemistry
of the central complex has been investigated in previous studies (e.g. Richey & Thomas,
1932; Reynolds, 1951; Emeleus,1962; McDonnell et al. 2004), the petrogenetic history,
and the role of the crust in the formation of the highly evolved rocks of the Slieve

Gullion ring-dyke has so far been incompletely assessed.

Ring-dykes, such as Slieve Gullion, in counties Armagh and Louth in Ireland, are
approximately circular, sub-volcanic, sheet intrusions in plan view that form during
coupled intrusion and subsidence cycles in a caldera-type magmatic system. Models for
their formation were pioneered by a series of studies of the BIPIP centres in northwest
Scotland (Bailey e al., 1924; Richey, 1928; Richey & Thomas, 1932; Anderson, 1936).
It is now widely accepted that these types of structure form as a result of stress fields in
the proximity of a inflating and deflating magma reservoir (e.g. Lafrance & John, 2001;
Walter & Troll, 2001) (Figure 2.2). Pressure in the magma chamber can lead to shear

fracturing of the local country rock, which then results in a pressure release, followed by
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subsidence, forming outward-dipping ring shaped fractures (Walter & Troll, 2001;
Kennedy & Stix, 2007). These fractures are exploited by rising magma (Phillips, 1974),
which may cool to form a ring-shaped dyke, or a ring-dyke (Sparks 1988; Kennedy &
Stix, 2006). This phase of activity is typically followed by the intrusion of a central
complex, which completes the intrusion and subsidence cycle (Kresten 1980; Ike, 1983;
Lipman, 1984). Surface erosion of overlying volcanic features may expose these ring-

dykes and provides us with a link between surface volcanic rocks and the magmatic

sytem feeding eruption.

Many such systems have been described from the Palaeogene Centres in both Scotland
and Ireland (e.g. Bailey er al. 1924; Richey & Thomas, 1932; Anderson, 1936). These
intrusions commonly display marked compositional diversity (e.g. Sparks, 1988) and
have thus been used in pioneering studies of magma storage processes.

As Slieve Gullion is one of the few Palacogene Centres south of the Highland
Boundary Fault, its contamination history is an ideal testing ground for the influence of
variable crust on evolved British-Irish Palaeogene Igneous Province magmas. Here we
employ Sr and Nd isotope geochemistry to unravel the petrogenesis of the Slieve
Gullion ring-dyke magmas, with the aim of shedding light on storage and differentiation

mechanisms prevalent in the Slieve Gullion system.

2.2 Geological Background

The Palaeogene Slieve Gullion Igneous Complex, together with the Antrim lavas and
igneous complexes at Carlingford and the Mourne Mountains, form the NE Ireland
portion of the British-Irish Palacogene Igneous Province (BIPIP) (e.g. Upton, 1988;
Gamble et al,, 1999). The BIPIP is sited in Northern Ireland and Scotland and traverses
distinct crustal terranes including Lewisian rocks in the north of the province to the
Palaeozoic rocks which underlie the Irish centres in the south (Fig. 2.1). Based on
isotopic and paleomagnetic studies (Emeleus 1991; Musset et al., 1988; Emeleus &
Bell, 2005), the majority of igneous activity in the BIPIP occurred between 57-62 Ma.

The province comprised broadly contemporaneous extrusions of thick sequences of
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basaltic lava, with major central volcanoes and shallowly emplaced silicic and mafic

intrusions formed during the latter stages of activity. This magmatic activity is believed
to have been the result of plume-related crustal attenuation during the Palacogene, which
ultimately resulted in the opening of the North East Atlantic Ocean (White & McKenzie,
1989; Saunders et al. 1997).

The Slieve Gullion Igneous Complex is situated west of the Mourne Mountains in south
County Armagh, with its SE section within north County Louth (Figure 2.3). It consists
of a sheeted composite central complex that forms Slieve Gullion mountain (577m) and
an encompassing sub-circular ring dyke. This central complex consists of horizontal
layers of roughly contemporaneous porphyritic granite and dolerite, with evidence of
liquid-liquid contacts between mafic and felsic units (Richey & Thomas 1932;
Reynolds, 1951; Bailey & McCallien, 1956; Gamble, et al., 1979; Gamble et al.1992;
Gamble ef al., 1999). This central intrusive complex is separated from the prominent,
slightly older, silicic ring-dyke complex, which is approximately 12 km in diameter, by
a moat of lower poorly exposed ground with limited outcrop of weathered Newry
Granodiorite (Richey & Thomas, 1932; Reynolds, 1951; Emeleus, 1962; Elwell et al.,
1974; Gamble, 1979; Gamble, et al., 1992). The ring dyke complex is comprised of a
series of hills that form an arcuate ridge, known as the ‘Ring of Gullion’ with porphyric
rhyolite and granite comprising the dominant lithologies with lesser breccia,
agglomerate and cataclasite also present. This ring bridges the contact between the SW
portion of the Caledonian Newry Granodiorite pluton (Meighan & Neeson, 1979) and
the Lower Palaeozoic sedimentary rocks of the Longford-Down Terrane in the south
(Richey and Thomas; 1932; Emeleus, 1962) and this contact may have been exploited as
a zone of weakness (Gamble, et al., 1992). Relative age relations between the ring dyke
and the central intrusion are based on field data that indicate the ring dyke pre-dates the
central complex (Emeleus, 1962). Rb-Sr whole rock dating yields ages of 58.5 + 2.3 Ma
(MSWD = 3.74) for the ring dyke, and 57.6 = 1.0 Ma (MSWD = 0.65) for the younger
central complex (O’Connor, 1988). Recent U-Pb zircon crystallisation ages of 56.5 + 1.3
Ma (Gamble et al., 1999) have been obtained from the early ring dyke rocks and within

uncertainty of the Rb-Sr data.
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At Slieve Gullion, the ring complex contains two principal lithologies, commonly
referred to as porphyritic felsite and porphyritic granophyre (Figure 2.4 a-c), which
under modern nomenclature correspond to porphyritic rhyolite and porphyritic micro-
granite respectively (Gillespie & Styles, 1999). There is a Si-enriched porphyritic
rhyolite concentrated at the outer margins of the ring-dyke in an approximately 1 metre
wide zone, which grades into a less Si-enriched porphyritic rhyolite towards the interior
of the intrusion (Emeleus, 1962; McDonnell et al. 2004). Porphyritic granite samples
also show a Si-enriched facies, which is in turn concentrated in the central part of the
intrusion. The several-metre thick Si-enriched porphyritic granite passes outwards into
lower Si compositions (McDonnell ez al. 2004). The ring-dyke rocks are surrounded by
a series of older brecciated country rocks known historically as the Forkhill agglomerate
(principally brecciated granodiorite) and the Camlough Breccia (brecciated Palaeozoic
sedimentary rocks) (Richey & Thomas, 1932; Emeleus, 1962; McDonnell et al. 2004).
Also present in the centre, are limited outcrops of Palacogene basalt together with
abundant Palaeogene dolerite and gabbro dyke intrusions (Richey & Thomas, 1932;
Emeleus, 1962).

Earlier work recognised the complex rock relationships between the rocks in the
Slieve Gullion ring dyke (e.g. Emeleus, 1956; Emeleus, 1962) and believed them to be
the result of a two-stage intrusion history. Recent work by McDonnell ez al. (2004) has
further investigated the relationship between the porphyritic rhyolite and granite of the
ring-dyke based on fieldwork, whole rock major and trace element analysis and density
and viscosity modelling. These data indicate that the high-Si ring-dyke rocks define a
distinct geochemical trend, as do the low-Si ring-dyke rocks, with some evidence for
both groups being contemporaneous and formed in a single event (McDonnell et al.
2004) (Figure 2.5). However, some structural and textural evidence suggests that in
places these units may have been formed by more than one event (Stevenson et al., in
press) that were closely related temporally given some contact relationships. The major
and trace element geochemistry of these rocks, indicates that these Si-groups originated
from the same parent magma rather than representing separate and discrete magmatic

bodies (McDonnell et al., 2004). The magma chamber where both magmas are believed
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to have evolved was envisaged by McDonnell et al., (2004), as a large concentrically
zoned and internally stratified chamber, and this model may be used to explain the

distribution of porphyritic rhyolite and granite across the ring-dyke intrusion.

2.2 Field occurrence and petrography

2.2.1 Pre-Palaeogene Country Rocks: Lower Palaeozoic metasedimentary rocks

and Newry Granodiorite

The metasedimentary rocks are part of the Central Belt of the Lower Palaeozoic
Longford Down-Terrane, an extension of the Southern Uplands terrane of Scotland.
These Lower Palaeozoic successions crop out to the west of the Slieve Gullion centre
(Figure 2.3). They vary in lithology from coarse semi-pelites to fine pelites across the
area, and the rocks in the southwest are considerably more fine-grained the more
northerly outcrops. Chlorite, muscovite and quartz (up to 1mm) are the dominant
minerals present with small amounts of detrital feldspar.

These sediments were intruded (425Ma; Meighan et al. 2003) by the Newry
Granodiorite pluton, part of the Caledonian granite suite of Britain and Ireland (Meighan
& Neeson, 1979; Meighan et al. 2003). Outcrop of the granodiorite is predominantly
located on the central, moat-like plain between Slieve Gullion and the ring-dyke where it
is typically heavily weathered. It is a coarse-grained Granodiorite, and the mineralogy
consists of equigranular grains of quartz, feldspar and varying amounts of biotite and
hornblende visible in hand specimen (hornblende measuring 2-3mm in diameter).
Smaller amounts of primary titanite and epidote and secondary muscovite identified in
thin-section (Figure 2.4)

The depositional basement to these country rocks is enigmatic. However,
Caledonian lamprophyre dykes (415 + 12 Ma K-Ar) (Anderson & Oliver, 1996), which
intrude into the greywakes of the Central Belt of the Longford-Down Terrane, host
incognate xenoliths which are believed to be fragments of the unexposed basement in

the area. The xenoliths are typically basic-volcanic schists and mylonites which were
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metamorphosed at a depth of 7 — 30 km. Their geochemistry is similar to calc-alkaline

magmatic-arc basalts (Anderson & Oliver, 1996).

2.2.3 Slieve Gullion Centre

2.2.3a Forkhill Breccias

Richey & Thomas (1932) and Emeleus (1962) identified the Forkhill breccias, which
crop out in the south-west of the Slieve Gullion ring complex, as the oldest members of
the complex. This relative dating was based on the lack of porphyritic rhyolite fragments
in the breccia, and on the local presence of intrusive veins of rhyolite (Richey &
Thomas, 1932). The Forkhill breccias are primarily comprised of angular fragments of
the dominant country rocks in the area, namely the Lower Palacozoic metasediments and
the Caledonian Newry Granodiorite, with less common fragments of older Palacogene
basalt and trachyte lavas. The matrix in these breccias consists of fine particles of the
rock types mentioned above. Given the lack of juvenile igneous material present in these
rocks, and the relationship between the clast types and the country rock in the area, the
Forkhill breccias were originally interpreted as vent agglomerates formed by the in-situ
shattering of country rock due to pre-eruptive gas explosions and ring fault movement
(Richey & Thomas, 1932; and Emeleus, 1962). The presence of Palacogene basalts
clasts was interpreted as evidence explosion close to the surface. A recent study by
Stevenson et al., (in press) describes this unit as volcano-sedimentary in origin (a mega-
breccia). The veining of the breccias by the porphyritic rhyolite would then potentially
indicate a near-surface contact between these two units, however the precise nature of

the rock relationship remains enigmatic.

2.2.3.b Porphyritic Rhyolite

The porphyritic rhyolite crops out predominantly in the southwest of the complex, where
it forms the majority of the ring-dyke e.g. at Forkhill (IJ 0059 1603), (Figure 2.3). The
porphyritic rhyolite is hypocrystalline, and consists of a very fine-grained to glassy, grey
to blue-grey matrix containing 20-30% phenocrysts (Figure 2.4 a, c). Phenocrysts in

order of abundance include coarse quartz (10-15%) and feldspar (10%; mostly sanidine
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with rare plagioclase), both measuring about approximately 3 mm in diameter on
average. Lesser (<1%) xenocryst of clino-pyroxene and fayalitic olivine along with <5%
opaques such as zircon and magnetite are also present. The crystals are typically
euhedral but subhedral crystals formed by fragmentation or embayments are not
uncommon. Glass shards and small rounded, basaltic clasts (Smm in diameter) are also
evident in hand sample and in thin section. Also apparent are cm-scale lenses of material
identified by previous authors as flow banding or fiamme (Richey & Thomas, 1932;
Emeleus, 1962; Bell & Emeleus, 1988; McDonnell et al., 2004). In thin section, these
structures possess a micrographic texture, enveloping phenocrysts of quartz and feldspar
and are, at times, more coarsely crystalline than the groundmass surrounding the
porphyritic rhyolite. The combined field and petrographic evidence provides
inconclusive evidence for this unit being either intrusive or effusive, indicating these
rocks may be a transitional facies between the subvolcanic and volcanic units (Emeleus,
1962; Gamble et al., 1992; McDonnell et al., 2004).

At some marginal locations within the porphyritic rhyolite, e.g. Mullaghbawn
golf course (IH 9880 1812), outcrops contain abundant xenoliths of Newry Granodiorite
(Figure 2.4 d, e). In thin section, many of the xenoliths display pockets of glass between
minerals (former melt), suggesting partial melting of some portions of the Newry
country rock (Figure 2.4 f). Trails of xenoliths, xenocrysts, and fiamme (Bell &
Emeleus, 1988) help to define flow fabrics within the porphyritic rhyolite (see
McDonnell et al. 2004). Away from the margins of the rhyolite, xenoliths are rare

(Emeleus, 1962).

2.2.3.c Porphyritic Micro-granite

Porphyritic micro-granite forms the bulk of the ring-dyke, particularly in the north of the
centre, but west of Mullaghbawn porphyritic granite may be found together with
porphyritic rhyolite in one outcrop (Emeleus, 1962; McDonnell et al. 2004) (Figure 2.3,
2.4.a). Outcrops of porphyritic granite are absent further south (Figure 2.3).

The porphyritic granite consists of 35-45% phenocrysts contained within a fine

grey-pink matrix. The dominant phenocrysts are quartz (15%) and feldspar (18-20%).
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The latter is often complexly zoned, but amphibole, clinopyroxene, opaque minerals,
minor fayalitic olivine and zircon are also present, thus exhibiting a similar principal
mineralogy as the porphyritic rhyolite. An average quartz phenocryst measures 2mm in
diameter, with feldspar crystals considerably larger at up to 2-3 cm in length but on
average between 0.7 and 1 cm (Figure 2.4.b). These feldspars belong predominantly to
the sanidine-orthoclase series with only minor plagioclase present (Emeleus, 1962).

Both types have variable shapes with euheadral to anhedral inclusion-rich crystals.

2.2.3.d Palaeogene Basaltic Dykes

Numerous small dykes of basaltic composition crosscut the ring complex. To obtain a
representative Palacogene mafic Slieve Gullion composition, we sampled one of the
basaltic dykes at Forkhill quarry (IJ 0059 1603). We used this sample instead of down-
faulted pre ring-dyke basalts or some of the small basalt clasts in the ring-dyke as these

flows and clasts are generally either highly altered or difficult to extract.

2.3 Analytical methods

Samples were prepared by removing all weathered surfaces and cutting rough apparently
inclusion-free blocks to between 8-10 cm’ in size. The blocks were crushed using a jaw
crusher and the resulting chips were hand-picked under a stereomicroscope to eliminate
weathered fragments and country rock xenoliths. Samples were then powdered by hand
using an agate mortar and pestle.

Sr and Nd ion chromatography and isotopic analyses were carried out at the
Isotope Geosciences Unit of the Scottish Universities Research and Reactor Center
(SUERC), East Kilbride, Scotland by Robert Ellam. Powdered samples were weighed
into in teflon screw-top beakers and dissolved using HF-HNO,-HCI digestion. Rb and
Sr were separated in 2.5 N HCI using Bio-Rad AG50W X8 200-400 mesh cation
exchange resin. Nd was separated in a mixture of acetic acid (CH*COOH), methanol
(CH,OH) and nitric acid (HNO,) using Bio-Rad AG1x8 200—400 mesh anion exchange

resin. Total procedure blanks for Sr and Nd were less than 0.3 ng.
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Sr samples were loaded onto single Ta filaments with 1N phosphoric acid, and
Nd samples were loaded directly onto triple Ta—Re-Ta filaments. Sr and Nd samples
were analysed on a VG Sector 54-30 multiple collector mass spectrometer. The ¥’Sr/**Sr
and 'Nd/'*Nd ratios were corrected for mass fractionation using *’Sr/*°Sr = 0.1194 and
an exponential law, and '*Nd/"“Nd = 0.7219 and an exponential law. The VG Sector
54-30 mass spectrometer was operated in peak-jumping mode with data collected as 15
blocks of 10 ratios when measuring Sr isotope compositions, and as 12 blocks of 10
ratios when measuring Nd isotope compositions. Total procedure blanks for Sr and Nd
were < 300 pg. NIST SRM987 yeilded an *’Sr/**Sr ratio of 0.710254 + 22 (2 SD, n =
34) and the internal laboratory Nd standard (JM) yielded an '*Nd/'**Nd ratio of
0.511511 =8 (2 SD, n = 12) during this study.

2.4. Results

Representative samples from the ring-dyke, the country rocks, and a local Palacogene
basalt dyke were selected for Sr and Nd isotope analysis from the sample suite of
McDonnell er al. (2004). Sr and Nd isotopic data for the selected samples are given in
Table 1 and are illustrated in Figures 2.6 and 2.7. All isotope ratios for the ring-dyke
rocks were age-corrected to 57 Ma according to Rb-Sr whole rock isotopic age reported
by O’Connor (1988).

The isotopic end-members of our sample set are the Paleogene basalt dyke and
the Lower Palaeozoic sedimentary rocks of the Longford-Down Terrane. The Paleogene
basalt dyke has the lowest *’Sr/**Sr (0.705948 =+ 18), and the highest '*Nd/'**Nd ratio of
0.512799 = 22. The most radiogenic ¥Sr/**Sr value was obtained from the Lower
Palaeozoic sedimentary rock (0.722829 =+ 18) with a '*Nd/'**Nd ratio of 0.512134 + 7.
Our data is consistent with previously reported values for similar lithologies in Scotland
in O’Nions et al. (1983), Halliday (1984), and McCormick (1989), although it lies at the
radiogenic end of the spectrum. The Newry Granodiorite shows a lower *’Sr/*Sr ratio
(0.708136) and a low '“’Nd/'*Nd ratio of 0.512328, consistent with data presented in
McCormick (1989) and Dempsey et al. (1990). The ring-dyke rocks cover a range of
¥7Sr/*Sr ratios from 0.0.707673 to 0.713593 with a restricted variability in '*Nd/'**Nd,
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ranging from 0.512384 to 0.512455 (Figure 2.7.a). The low-Si rocks classified by
McDonnell et al. (2004) are higher in radiogenic ¥’Sr/**Sr than the high-Si rocks (Figure
2.6).

2.5. Discussion

2.5.1 Contamination of the ring-dyke magmas

A major focus in the study of the BIPIP has long been the origin of the highly
silicic rocks found in igneous centres (cf. Gamble, 1979; Meighan, et al., 1984,
Thompson et al., 1986; Sparks, 1988; Bell & Williamson, 2002; Troll, et al., 2004).
Rocks of mafic compositions dominate the total magma budget in the British Palacogene
Igneous Province, providing an ample heat source for crustal anatexis (cf. Annen et al.,
2006) and a mechanism for producing fractionated silicic magmas (e.g. Gamble, et al.,
1992). Based on the poor surface exposure at Slieve Gullion, approximately equal
proportions of mafic and felsic rocks appear to be present (Gamble et al., 1992).
However, gravity studies of the Irish BIPIP centres (Cook & Murphy, 1952) combined
with subsurface excavations and drill cores in the area, indicate larger volumes of mafic
to ultramafic rocks at depth beneath Slieve Gullion.

The observed variations in Sr and Nd isotopes in the ring-dyke magmas indicate
substantial crustal modification of a fractionating, mantle-derived, magma. This is in
keeping with the conclusions of McDonnell er al. (2004), who suggested that certain
trends seen in trace element data (e.g. Pb vs. Zr; Figure 2.5) may be explained by open
system fractionation, and assimilation of either Longford Down sedimentary rocks
and/or Newry Granodiorite. A similar scenario has been suggested by Gamble et al.
(1992), for the Slieve Gullion Central Complex. However, the magmas of the ring-
complex have considerably higher radiogenic *’Sr/*°Sr than the magmas of the Slieve
Gullion central complex, indicating variation in the impact and/or extent of crustal
assimilation between these distinct phases of magmatism.

In a plot of ¥Sr/*Sr against '*Nd/"*Nd (Figure 2.7), there is a marked trend
towards the field defined by Longford-Down sedimentary rocks. However, this is the

converse of that expected for conventional assimilation with progressive fractionation
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(AFC) (DePaolo, 1981). Instead of increasing *’Sr/*’Sr ratios with increased SiO,, the
low-Si ring-dyke rocks are the most radiogenic. This negative correlation with *’Sr/*Sr
is also evident when plotted against SiO, and Sr (ppm) (Figure 2.6).

One possible explanation is a two-stage contamination process for the magmatic
evolution of the ring-dyke magmas, with two contaminating end-members involved: the
Longford-Down sedimentary rock and the Newry Granodiorite. Based on work by
O’Connor (1988), and Gamble et al. (1992), a parental magma of depleted mantle-like
isotopic composition can be envisaged for the Slieve Gullion centre and for much of the
British Palacogene Igneous Province as a whole (see also Ellam & Stuart, 2000). These
magmas would have been highly susceptible to crustal contamination by more
radiogenic crustal rocks due to their relatively low Rb/Sr and Sr isotope ratios. Using
such a MORB-type basalt as a parental end-member, Sr and Nd isotopic ratios similar to
those observed in the low-Si dyke rocks can be produced by an AFC-type process
(DePaolo, 1981), involving the assimilation of Lower Palaeozoic sedimentary rock (r =
8.5, ~10-15 % solidification where r = the ratio of the rate of assimilation to the rate of
fractional crystallisation). Such an AFC curve also intersects the isotopic ratios of the
analysed Palaeogene basalt dyke that cuts the Slieve Gullion ring-dyke at Forkhill (~5%
solidification, Figure 2.7). In contrast, an AFC curve using the Slieve Gullion basaltic
dyke rock as a starting composition (Figure 2.7) fails to produce an intersection with the
low-Si ring-dyke rocks even for high assimilation rates. The best AFC-fit is thus given
by a MORB-type starting composition, with a good match between modelled and
measured isotope ratios and trace elements. Binary mixing curves are also presented for
both scenarios. In the first model (MORB- Longford-Down sedimentary rock) (Figure
2.7), only the high-Si ring-dyke rocks can be produced, failing to explain the low-Si
compositions. In the second case (Slieve Gullion basaltic dyke — Longford-Down
sedimentary rocks) (Figure 2.7), binary mixing can produce isotopic compositions
similar to the low-Si ring-dyke rocks (60% Basalt, 40% Sedimentary rock). However,
the modelled concentrations of Sr and Nd ppm (Sr = 164 ppm, Nd = 16) are not matched
with the values observed in the samples (Sr = 35 ppm, Nd = 76). The best fit for this first
stage of contamination is thus the AFC curve with a MORB starting composition (r=

0.85; solidification ~10-15%).
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The decreasing *’Sr/**Sr trend from low-Si to high-Si ring-dyke rocks may in
turn, be explained by a subsequent selective assimilation of the most fusible portions of
Newry Granodiorite, which possesses lower *’Sr/*Sr than the local sedimentary rock and
similar '*Nd/'**Nd ratios (Figure 2.7). This late contamination can be approximated as
either binary mixing or as an AFC process, since both are mathematically possible
(Figure 2.7) though none produces a perfect fit for observed trace-element
concentrations. Since certain trace elements seem particularly affected by Newry
Granodiorite contamination (McDonnell et al. 2004), it is conceivable that
partial/selective contamination was the dominant mode of interaction (cf. Davidson &
Tepley, 1997; Duffield & Ruiz, 1998; Knesel & Davidson, 2002). This is particularly
likely as Newry Granodiorite is lower in SiO, than any of the ring-dyke rocks. Partial
melting textures in thin section suggest, however, a minimum melt fraction along quartz-
feldspar grain boundaries, thus very probably providing a high-Si contaminant (Figure
2.4 d.e,f). However, this partial melt would also be enriched in high *’Sr/*Sr indicating
that the isotopic signature of the ring-dyke rocks may be heavily influenced by
assimilation of Newry Granodiorite. The abundant occurrence of xenoliths and
xenocryst trails, particularly in the marginal porphyritic rhyolite ring-dyke facies,
suggests that besides interaction in the storage chamber (partial melting textures),
incorporation of Newry Granodiorite also happened very late, i.e. in the conduit.
Although such samples were avoided for analysis, it is possible that some xenocrysts
were contained in our porphyritic rhyolite and granite samples (cf. Emeleus & Smith,
1959). For example, our most affected high-Si ring-dyke sample may well follow a
binary mixing curve as a result of bulk incorporation of crystals and fragments from the
country rock.

Assimilation of Longford-Down sedimentary rocks is in accord with earlier
findings on the Slieve Gullion Central Intrusion (Gamble er al. 1992). However,
contamination by Newry Granodiorite was considered unlikely for these younger Slieve
Gullion rocks (Gamble e al., 1992), although petrographic and geochemical evidence is
strong in the earlier ring-dyke rocks of this study. A number of reasonable explanations
may be invoked for this; a) the earlier ring-dyke magmas may have removed all easily

fusible material from the Newry country rock, causing the subsequent Central Intrusion
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magma batches to experience little contamination or b) the earlier magmas may have
shielded the later ones from intensive interaction with the country rocks (cf. Thompson
et al. 1986; Kerr et al. 1999). However, when considered in conjunction with our data,
the data of Gamble, et al., (1992) plot well within the ring-dyke trend. It is conceivable
that these later Slieve Gullion rocks share a very similar history to the ring-dyke rocks, a
feature that may be blurred by the strong Longford-Down sedimentary rock
contamination trend. However, the limited data set (n=3) of Gamble et al. (1992) does

not facilitate a more detailed exploration.

2.5.2 Nature of the Slieve Gullion magma chamber

Trace-element and major-element data presented in McDonnell et al. (2004)
suggest that the two distinct groups of both porphyritic rhyolite and granite (a Si-rich
group and a Si-poor group) most likely represent two compositional extremes that
originated from a single parent and evolved through dominantly convective fractionation
and contamination in a zoned magma chamber. The porphyritic rhyolites represent the
liquid interior and the porphyritic granites the mushy chamber wall equivalents
(McDonnell et. al. 2004) (Figure 2.8). This chamber structure, where a high-Si rhyolite
magma was overlying a low-Si rhyolite, both encompassed by their more crystalline
porphyritic granite equivalents, is supported by viscosity and density calculations
(McDonnell et. al. 2004) and may be the result of a process akin to convective
fractionation (cf. Worner & Schmincke, 1984; Sparks, 1988; Wolff, et al., 1990). In
contrast, the mushy chamber-wall porphyritic granites formed from the arrest of crystals
in inward-migrating solidification zones and were modified by post-cumulus crystal
growth and interstitial melt migration (cf. Marsh 1996).

Although our isotope data alone are of limited applicability to reconstructing
magma chamber processes, they offer a way of testing the model put forward by
McDonnell et al. (2004). Our data show the high-Si rhyolite to be most strongly affected
by crustal contamination, in this instance by Newry Granodiorite, a feature that is
common in composite felsic systems (e.g. Worner, et al., 1985; Druitt & Bacon, 1989).

In addition, both porphyritic granites show a range of isotope ratios that are less
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radiogenic than the range of their rhyolitic counterparts, which may be a function of the
removal of interstitial liquid due to convective fractionation (i.e. feldspar accumulation).

When contamination is initiated in such a scenario, the melt fraction of the magma
would be most strongly affected in the beginning of such an assimilation process.
Subsequently, crystals that grow from this melt will increasingly take up the
contaminant in their outermost growth zones (Davidson & Tepley, 1997; Duffield &
Ruiz, 1998). Crystals that mainly grew before contamination will show a change from
core to rim with the rims reflecting the contamination most strongly. In the Slieve
Gullion porphyritic granite magmas, which are thought to have lost interstitial melt
during the last phase of crustal storage, the similar to lower radiogenic whole rock
values relative to their rhyolitic counterparts might imply that the arrested feldspars
predominantly record a previous stage of differentiation and contamination in their cores
(e.g. with Longford Down sedimentary rocks). The whole rock value of the crystal-rich
porphyritic granite samples, being essentially a mixture of melt and crystals of various
generations, would accordingly be less reflective of the latest stage of contamination, i.e.
contamination with Newry Granodiorite, even though this stage may be represented in
small overgrowth rims of the resident feldspars (cf. Duffield & Ruiz, 1998). The high
percentage (up to 35%) and large size (up to 3 cm) of the feldspar phenocrysts in the
porphyritic granite samples may imply that the bulk of these crystals (now represented
as crystal cores) grew before or during contamination by Longford-Down sedimentary
rocks and prior to the main onset of Newry Granodiorite contamination (Figure 5). This
solution we present is not unique, however it does provide an explanation that is
consistent with the model of McDonnell et al. (2004), and the petrographic and
geochemical evidence which indicates that these magmas evolved in the same reservoir,

and were intruded, emplaced, and potentially erupted close to, if not contemporaneously.

2.6 Conclusions

The influence of crustal contamination on isotope compostition is recorded in the

geochemistry of magmas from virtually all British Palaecogene Centres (e.g. Kerr er al.
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1999; Ellam & Stuart, 2000; Bell & Williamson, 2002; Geldmacher et al. 2002). It has
been shown by Geldmacher et al., (2002) that Palaeogene magmas that rose through
different crustal terranes were exposed to different country rocks and thus record a
different contamination history. These authors argue that magmas from the Rum Centre
were mainly contaminated by Lewisian gneisses that form the upper crust north of the
Moine Thrust Belt. Magmas at Ardnamurchan, however, were contaminated with
Lewisian gneisses in the lower crust, with subsequent additional assimilation of Moine
metasedimentary rock in the upper crust. Slieve Gullion lies south of the Northern Belt
Median Fault (southern Uplands Fault equivalent in Ireland, Morris 1987) and should
therefore display a markedly different contamination history to those centres that
intruded Archaean basement terranes in northern Scotland. The Slieve Gullion ring-dyke
magmas record evidence for contamination with Southern Uplands-type local Palacozoic
Mid-to-Upper crustal sedimentary rocks plus shallow contamination with Caledonian
granitic crust, emphasising the severe effect of crustal heterogenity on ascending mantle
magmas (c.f. Ellam & Stuart, 2000). An additional earlier contamination of Slieve
Gullion magmas (e.g. for the basaltic dyke sample) in the deep crust cannot be ruled out
since the evidence for such an event would be strongly obscured by the two upper
crustal contamination events. Additionally, the nature of the deep crust beneath the
Longford-Down Terrane is poorly constrained. Xenoliths in Carboniferous lamprophyre
dykes in Co. Down (Anderson & Oliver, 1996), suggest that an ancient island arc-type
basement underlies the Longford-Down sedimentary rocks, and that this may in turn, be
underlain by Avalonian or exotic terranes (cf. Trewin & Rollin, 2002). Evidence for
lower crustal magma-crust contamination could be preserved in the cores of some of the
strongly-zoned feldspar phenocrysts of the ring-dyke rocks and awaits in situ analytical

approaches.

The Sr and Nd isotope ratios of the Slieve Gullion ring-dyke magmas can be explained
by two stages of contamination during upper crustal residence and storage and support
petrographic, major and trace element evidence which indicates that a strong genetic link
between the porphyritic rhyolite and granite. We propose a model whereby fractionating

magmas of basaltic and intermediate composition are contaminated by local sedimentary
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rocks, giving rise to rhyolite magmas that experience additional late shallow
contamination by the most fusible portions of the Newry Granodiorite. We envisage the
last stages of fractionation and contamination to occur in a zoned rhyolite magma
chamber with high-Si magma being stored in the upper part of the chamber, recording
the most extensive crustal contamination in this system. This magma reservoir was
tapped and ascending magma utilised existing weaknesses in the crust, forming a

composite ring-dyke complex.
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Table 2.1

Slieve Gullion Sr and Nd Isotopic Data

Sample No. Rock Type SISt/ Rb Sr $S1/AeSt NJ/'N,, Sm Nd NJ/'"Nd
(ppm) (ppm) (57 Ma) (ppm) (ppm) (57 Ma)

SG-G1 Gran. 0.733007 = 18 186 21 0.711787 £ 18  0.512468 +8 12 62 0.512424 + 8
SG-G2 Gran. 0.731903 = 16 217 27, 0.712917 £ 16  0.512496 + 7 10 59 0.512455 +7
SG-G6 Gran. 0.729047 + 16 183 25 0.711693 + 16 0.512468 +6 10 49 0.512424 + 6
SG-G7 Gran. 0.724919 + 16 165 33 0.713006 £ 16  0.512426 +7 14 78 0.512384 +7
SG-G8 Gran. 0.724644 + 16 165 36 0.713593+ 16 0.512429 + 8 14 74/ 0.512387 + 8
SG-F3 Rhyolite 0.728937 + 19 173 24 0.711906 £ 19  0.512433 +7 10 57 0.512391 +7
SG-F4 Rhyolite 0.729342 + 18 169 25 0.713275+ 18 0.512458 + 6 9 49 0.512417+6
SG-F5 Rhyolite 0.747525 + 16 181 12 0.710796 + 16  0.512465 +6 12 59 0.512419+6
SG-F6 Rhyolite 0.747823 + 18 195 12 0.707673 + 18  0.512471 +7 16 79 0.512425 +7
SG-NG-3 N.G. 0.708177 + 23 10 563 0.708136 +23  0.512363 +8 5 30 0.512328 + 8
SG-PS-2 [ZD.S: 0.724985 + 20 124 149 0.722829 +20 0.512195+7 S 20 0512134 +7
SG-PB3 BP.B.D: 0.705967 + 18 1 179 0.705948 + 18 0.512799+22 4 12 0.512799 + 22

Gran. = Porphyritic granite, Rhyolite = Porphyritic rhyolite N.G. = Newry granodiorite, L.D.S. = Longford-Down metasedimentary rock,

P.B.D. = Palacogene basalt dyke
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Figure 2.1 Geological sketch map displaying major terrane boundaries of the north of Ireland and
Scotland with the igneous centres of the BPIP (terrane map courtesy of D. Chew).
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Figure 2.2 Schematic diagram of the formation of ring fractures and caldera collapse
relative to a magmatic plumbing system (after Walter & Troll, 2001).
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inset with regional location. Grid system from the Ordnance Survey of Ireland.
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Figure 2.4. (a) Porphyritic rhyolite and porphyritic granite in contact in hand sample (from
McDonnell et al. 2004). (b) Thin section photomicrograph of porphyritic granite sample in PPL. (c)
Thin section photomicrograph of porphyritic rhyolite sample in PPL. (d) Newry Granodiorite
xenolith and xenocryst trails in a hand sample of porphyritic rhyolite from Mullaghbawn Golf course
(IH 9880 1812). (e) Newry Granodiorite xenolith and xenolith trail in a thin section of porphyritic
rhyolite in PPL. (f) Thin section photomicrograph of partial melting textures in a Newry Granodiorite
xenolith in PPL.
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Figure 2.5 All figures are after McDonnell et al., 2004. (a) TAS plot of the porphyritic rhyolite and granite samples analysed. All ring-complex magmas plot
in the rhyolite field and are chemically similar. (b) CaO vs. SiO, with porphyritic rhyolite and granite each forming two separate grops of data; high-Si and
low-Si porphyritic rhyolite and high-Si and low-Si porphyritic granite. Both granite sub-groups have similar or lower CaO concentrations than their
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evident. As with CaO, granite samples have higher Ba than their corresponding rhyolite group consistent with the granite samples representing a crystal-
rich unit rich in feldspar within the magma chamber. (e) Pb vs. Zr. plot illustrating the four same groups as in previous plots. However both granite groups
have lower Pb values than the corresponding rhyolite groups indicating potential for selective contamination.
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Figure 2.8 Schematic diagram of a zoned Slieve Gullion ring-dyke magma chamber in vertical
contact with Newry granodiorite chamber wall. Convective fractionation (grey vertical arrows)
combined with crustal assimilation (black horizontal arrows) redistributes radiogenic crustal Sr
from the chamber wall to chamber top (diagonal arrows), concentrating the liquid that is most
strongly contaminated by Newry granodiorite country-rock in the roof zone of the chamber. The
higher Sr isotope ratios in the porphyritic granites are likely to be a function of the high
abundance and large size of its complexly zoned feldspars, which probably reflect former stages
of contamination by radiogenic Longford-Down metasedimentary rocks in many crystal cores.
This suggests that the main volume of feldspar in the porphyritic granite magmas grew before the
onset of the second contamination stage (Newry granodiorite) that provided much less radiogenic
Sr to the system, potentially causing thin feldspar overgrowth rims with lower Sr isotope ratios to
form.
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CHAPTER 3 — TAUPO VOLCANIC ZONE

3.1 Introduction

As indicated by numerous geochemical studies, subduction-related magmas are thought
to originate in the mantle wedge, (e.g. Grove & Kinzler, 1986; McCulloch & Gamble,
1991) with melt production triggered by addition of fluids and/or melt derived from the
subducting slab (Nicholls & Ringwood, 1973; Hawkesworth ef al., 1979; Arculus &
Powell, 1986; Turner et al., 1997; Elliott et al., 1997). During ascent, these primary
melts may then interact with the overlying lithosphere (Graham & Hackett, 1987;
Graham et al., 1995; Dungan et al., 2001). However, the extent of this interaction and its
effect on magma composition can be difficult to asses. Commonly, the effect of
interaction with the overlying lithosphere is only considered for studies of evolved
continental arc magmas. Even in continental settings, source contamination by fluids,
melts, and subducted sediments and contamination of primary melts by assimilation of
lithospheric mantle or crustal rocks during ascent may produce similar geochemical
characteristics (e.g. Davidson, 1996). Additional complications arise when the subducted
sediment and the overlying lithospheric crust are of a broadly similar composition, as in
the case in many arcs including the Banda arc (Vroon et al., 1993), the Luzon arc
(McDermott et al., 1993) and in the Kermadec-New Zealand arc (Gamble et al., 1996).
Recognizing and quantifying crustal contamination in arc magmas is essential to any
successful model of subduction-related volcanism and to understanding the chemical

evolution of continental crust over time.

The high field strength elements (HFSE; Nb, Ta, Zr, and Hf), typically depleted in arc
magmas relative to REE and large ion lithophile elements (LILE), are thought to most
faithfully represent source compositions and processes in subduction zone settings
(Perfit et al., 1980; White & Patchett, 1984; Salters & Hart, 1991; Pearce & Peate,
1995). The exact origin of these depletions is controversial, with debate over the roles of

the mantle wedge, and melts and fluids from the subducting slab and the sub-arc crust
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(Saunders et al., 1980; Peacock et al., 1994; Turner et al., 1997). However, it is
generally accepted that this geochemical, arc-type signature is generated by mass flux
processes (of fluids and/or melts), from the subducting plate to the mantle wedge
(Pearce & Peate, 1995; Miinker et al., 2004). The actual composition of the mantle
wedge in a subduction-zone setting is dependent on a number of factors including the
composition of the mantle prior to subduction, degree of enrichment by fluids and melts
from the subducting slab, and by the degree of partial melting it has experienced
(McCulloch & Gamble, 1991; Gamble, 1996). In trying to asses the nature of the mantle
contribution and impact of contamination on magma compositions, Hf, one of the HFSE,
has advantages over U-Th-Pb, and Rb-Sr systems as it is thought be relatively
immobile and thus useful as a potential window to the pre-subduction nature of the
mantle wedge, allowing source characterisation (Pearce et al., 2007).

The Hf isotope systematics were first reported by Patchett & Tatsumoto, (1980).
However, Hf isotopes have not been used to their full capacity in the study of volcanic
systems due to analytical difficulties, including the low ionization efficiency of Hf by
thermal ionisation mass spectrometry (TIMS). With the advent of multi-collector,
inductively-coupled, plasma mass-spectrometry (MC-ICPMS), a number of studies have
identified that Hf isotope compositions in arc lavas diverge from compositions in paired
back-arc spreading centres that are thought to sample the same mantle (Vroon et al.,
1998; Woodhead et al., 2001). This has been taken to indicate that Hf compositions in
these arc rocks may have had significant input from sediments, either from the slab or
potentially through shallower contamination and not from the mantle wedge (e.g., White
& Patchett, 1984; Woodhead et al., 2001). The Hf isotope system may then be used to
trace interaction with crust, especially where samples show correlation with indices of

fractionation such as SiO, (e.g. the Antilles; Woodhead et al., 2001).

As the southward continental extension of the oceanic Tonga-Kermadec Arc (Figure
3.1), the Taupo Volcanic Zone (TVZ), provides a unique natural laboratory to attempt to
characterise source contamination versus the impact of the overlying crust on arc
magmas using the Hf isotope system (Gamble et al., 1996). This arc is virtually

unbroken over ~3000 km, and is the result of the collision and subduction of the Pacific

32



CHAPTER 3 TAUPO VOLCANIC ZONE, NEW ZEALAND

plate beneath the Australian Plate (Gamble et al., 1990), with the transition from oceanic
to continental settings allowing comparison of geochemical signatures between areas of
different overlying crust.

Utilising the Hf isotopic analysis of volumetrically rare basaltic magmas from the
TVZ, the mantle wedge sources for the magma feeding volcanism in this area may be
constrained and compared to data from the oceanic Tonga-Kermadec arc (e.g.
Woodhead et. al. 2001). This can potentially highlight the impact of changes in
overlying crust on magmatic evolution. This information, coupled with Hf analyses of
relatively primitive lavas from Ruapehu and Taranaki, volcanoes sited on different
crustal terrains, and lower crustal xenoliths from Ruapehu, may allow further distinction
between source and crustal contamination processes in TVZ magma petrogenesis. In Pb,
Nd, and Hf isotope studies of the oceanic Tonga-Kermadec arc, the mantle source for
these subduction zone magmas is thought to have a depleted MORB-type character
(Gamble et al., 1996; Pearce et al., 1999; Woodhead et al., 2001; Pearce et al., 2007). In
a plot of Th/Yb vs. Ba/La this arc is characterised by high Ba/La ratios and low Th/Yb
(Figure 3.2), indicating an input of fluids into the mantle wedge rather than slab melting,
e.g as has been proposed for the Sunda arc (Woodhead et al., 2001). As Hf has been
found to be fluid immobile in the Tonga-Kermadec arc (Pearce et al., 2007), fluids from
the slab should therefore not affect "°Hf/'"”’Hf ratios of the mantle wedge, and thus
should give a clear indication into source composition or highlight the influence of

crustal signatures in these arc rocks.
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3.2 Regional Tectonic and Geological Setting

The Taupo volcanic zone (TVZ) and Mt. Taranaki are active volcanic systems that are
the continental extension (Hikurangi) of the Tonga-Kermadec convergent plate margin on
the North Island of New Zealand (Ewart et al., 1977) (Figure 3.1). Both oceanic and
continental volcanism in this region is generated from the orthogonal to oblique collision
and subduction of the Pacific plate beneath the Indo-Australian plate (Cole et al., 1986;
Cole, 1990; Wilson et al., 1995). Volcanism along the oceanic and continental sections
of this arc are thought to be relatively synchronous (Gamble ez al., 1993), with the age of
the subducting Pacific plate also relatively constant along the length of the arc. However,
the rate of subduction decreases from the far northern portion of the arc (Tonga ~ 100
mm/y) to its southern termination (Kermadec ~ 50 mm/y; Hikurangi ~ 44 mm/y) (de
Mets et al., 1990; Graham et al., 1992), as does the angle of subduction, which becomes
progressively shallower and more oblique to the south (Jarrard, 1986). This oblique
collision, particularly in the south of the arc, has lead to accelerated exhumation of the
sedimentary and basement terranes of the New Zealand continental crust, with deposition
of these material into the Hikurangi and Kermadec trenches, resulting in potential
recycling of upper crustal lithologies into the subduction zone system (Gamble, et al.,

1996 and references therein).

The New Zealand basement is comprised of a number of tectono-stratigraphic terranes
and igneous suites (Coombs et al., 1985; Bradshaw, 1997). The Western and Eastern
Provinces make up the bulk of the basement of the North Island, with the Median
Tectonic Zone (MTZ) lying between the two. The Western Terrane is comprised of two
main terranes dominated by Paleozoic metasedimentary rocks and Devonian,
Carboniferous and Early Cretaceous intrusives (Muir et al., 1994; Waight ez al., 1997). In
the North Island, the Eastern Province includes Palacozoic to Mesozoic volcanogenic and
sedimentary units including the Torlesse and Waipapa Terranes, which are exposed in the
axial ranges to the east of the TVZ and assumed to be present beneath Ruapehu and the
TVZ. This Ruapehu and Taranaki volcanoes are sited on contrasting sides of this terrane

boundary, with the Mezosoic Torlesse and Wiapapa sub-terranes underlying Ruapehu
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and the TVZ and granitic to gabbroic basement rocks of the MTZ and potentially the
Eastern Province underlying Taranaki (Kimborough, 1993; Mortimer et al., 1997). This
variation in crustal composition is reflected in entrained xenoliths common in Taranaki
and Ruapehu lavas, as well as TVZ basalts. Xenoliths entrained in Taranaki lavas are
typically igrneous plagioclase—hornblende-clinopyroxene assemblages (Price et al.,
1999), whereas xenoliths found in Ruapehu lavas and TVZ basalts are generally meta-
sediments, fragments of older rhyolitic eruptives, or two-pyroxene granulites (Gamble et
al, 1993; Price et al., 1999). As well as lithological variation between these terranes,
there are also differences in the thickness of the crust from east to west. Active rifting and
extension has lead to lithospheric thinning beneath the Taupo volcanic zone, with the
crust under this volcanic centre thought to be intensely faulted and relatively thin (~15
km), with a high heat flow (~700 mWm?). However recent seismic data reported by
Harrison and White (2006), identifies a quartzo-feldspathic crust (>16km), underlain by
an area of heavily intruded or underplated lower crust with at least 1 % partial melt
present from 16 to 30 km depth beneath the TVZ. The Moho is marked by a strong
seismic reflector at 30 km depth. This has provided conditions for frequent, voluminous
evolved volcanism (Stern, 1986; Cole et al., 1986; Stern, 1987; Cole, 1990; Bibby et al.,
1995; Wilson et al., 1995). In contrast the crust underlying the volcanoes of the Taranaki

province is thicker (~ 25 km) and has a normal heat flow (Price et al,, 1999).

As the mantle wedge across the arc is thought to be chemically similar, it has been
proposed that geochemical variation between Taranaki and the andesitic centres of the
Taupo volcanic zone (e.g. Ruapehu), may be a function of crustal architecture, with
additional complexity due to variable slab fluid flux and disparity in partial melting,
(Graham & Hackett, 1987; Price et al., 1999; Price et al., 2005).

Despite these differences between volcanic centres across the arc, there are broad
patterns in whole rock geochemistry between Ruapehu and Taranaki (Price et al., 1999),
including increasing K,O and *’Sr/**Sr with time. This potentially reflects increased
crustal involvement during the evolution of these large volcanic centres (Graham &

Hackett, 1987; Stewart et al., 1996; Price et al. 2005).
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Along arc geochemical variation is also thought to arise from source and process
variation moving north from an oceanic setting (Tonga-Kermadec) to a southern
continental setting (Hikurangi). Eruptive products along the oceanic arc are dominantly
basaltic with some rhyolitic volcanism, while rhyolite dominates the volcanics of New
Zealand (>90%) with much reduced andesitic activity and rare basalts (= 1%) (Cole,
1986).

3.3 Hf isotope analysis

The samples analysed for Hf isotopes in this study consist of volumetrically rare basaltic
magmas from the Taupo Volcanic Zone, which comprise less than 1% of the eruptive
deposits in this area, which are dominated by voluminous rhyolitic magmas (Gamble et
al., 1993). These basalts are typically aphyric basalti crocks with small amounts of
olivine microcrysts, erupted from monogenetic scoria cones and vents north of Lake
Taupo and Mount Ruapehu with samples taken from a <100 km section along the
amalgamated volcanic front and back-arc (Cole et al., 1990; Gamble et al., 1993).
Samples analysed here were previously characterised for major, trace and REE elements,
as well as Pb, Sr, and Nd by Gamble ez al. (1993, 1996). The geochemical signatures of
these continental arc basalts were found to have no time-related correlations, and
overlapped with their oceanic counterparts in the south Kermadec arc, suggesting a
relatively minimal role for crustal contamination in their formation (Gamble et al., 1996).

A sub-suite of samples characterised by Valente, (1995), Schnieder, (1995), Price
et al., (1997, 1999), Waight & Price (1999), and Waight (unpublished data), including
selected porphyritic basaltic to basaltic-andesite lavas from Ruapehu and Taranaki strato-
volcanoes as well as crustal xenoliths entrained in Ruapehu lavas were also analysed. A
data set with available geochemical data for all samples used is included in Appendix A.
Also included in Appendix A are data for comparison including data from Tonga-
Kermadec arc and the Sunda arc (Woodhead et al., 2001; Pearce et al 2007 and

references therein).
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Hafnium isotope analyses were performed at the Danish Lithosphere Centre,
Copenhagen and measured using an Axiom multi collector inductively coupled plasma

mass spectrometer (MC-ICPMS).

3.3.1 Sample Preparation

Homogeneous whole rock sample powders were digested using a flux fusion method
(Bizzaro et al., 2003; Ulfbeck et al., 2003). The samples were prepared in a HEPA
filtered laminar flow hood, and all acids used during the procedure were distilled. The
flux fusion method required the use of 0.6ml graphite crucibles. The crucibles were pre-
ignited for 1 — 2 minutes at 1100°C before use to prevent the sample sticking once
molten. After pre-ignition, 100mg of sample was measured into the crucible, sandwiched
between 300mg of an ultra-pure LiBO, (lithium metaborate) flux. The crucibles were then
placed in the furnace at 1100°C for ~5 minutes until the sample and flux was completely
molten and removed quickly and poured into 15ml of 2M HNO, in a 23ml Savillex
beaker. The samples were then placed on a shaker and agitated for up to ten minutes until
the sample completely dissolved. Standard sample JB-2, and blank measurements of the
flux were also subjected to the same procedure. 100mg of a (~) 40ppb '*’Hf spike was
added to each blank analysis at the acid solution stage to ensure acid - spike - sample

homogeneity.

3.3.2 Chemistry

Two stages of column chemistry were performed to separate Hf, with detailed
descriptions of chemical protocol outlined by Bizzaro et al. (2003) and Ulfbeck et al.
(2003). The first stage was performed on large glass columns, which are stored in
concentrated (14M) HNO, between uses. Anion exchange resin (AG 50W - X8, 100 -
200 mesh) was carefully loaded onto these columns to ensure no bubbles formed. The
resin was then cleaned and pre-treated before loading of the sample (see Table 3.1). The
sample was loaded onto the column through filter paper to ensure that no residual
graphite or re-precipitated flux was also loaded onto the resin, and the elution sequence is

documented in Table 3.2. The HFSE+REE cut was collected into 23ml beakers, and
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evaporated ready for the second stage of chemistry. The beakers used had been cleaned
for at least 1hr with hot 14M HNO,, and rinsed thoroughly with Milli-Q deionised water.

A second sequence of chemistry using mini columns, was carried out to separate
Hf from the HFSE and REE. These mini-columns had been leached in 7M HCI with a
small amount of HF. Approximately 0.3ml of TEVA spec resin was loaded onto each
column and treated following the procedure outlined in Table 3.1.

The dried HFSE+REE cut was re-dissolved in Iml 10.5M HNO,, and samples
were loaded onto mini-columns using disposable pipettes to minimise disturbance of the
resin bed. The REE were then collected using the sequence outlined in Table 3.2 into 7ml
Savillex beakers and retained in case of errors with chemistry. The Hf was subsequently
collected (see Table 3.2) into the 23ml beakers, which were cleaned for 1hr with hot 14M
HNO, and rinsed thoroughly with Milli-Q deionised water. The samples were evaporated
and the Hf mini column step was then repeated on the Hf sample to ensure that possible
interferences from REE oxides such as GdO and DyO during data acquisition were

reduced to a minimum. The Hf sample was then evaporated and ready for analysis.

3.3.3 Analyses by MC-ICPMS

Samples were dissolved in Iml of 0.2% ultra-pure HNO; with a drop of HF for >1 hour
prior to analysis to ensure complete dissolution of the sample. Samples were introduced
into the mass spectrometer via an Aridus desolvating nebuliser using Argon as the sweep
gas. After each measurement, the nebuliser tip was carefully washed with Milli-Q water,
and the system washed out with 2% HNO, with trace HF to ensure removal of Hf from
the system before introduction of the following sample. Measurements were made in
static mode with the collector array described in Table 3.3, allowing measurement of five
Hf isotopes and also monitoring of Yb, Lu, Ta and W for potential isobaric interferences
(see Table 3.3). These interferences were corrected for during data acquisition using
perameters outlined in Ulfbek e al. (2003). Analyses were made over 2 blocks of 100
measurements, and sample measurements were interspersed with measurement of a Hf

standard solution with procedural Hf blanks of ~ 50 pg.
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3.4 Hf isotope results

Results of '"*Hf/'”’Hf isotope analyses are reported in Table 3.4 and are represented
graphically in Figures 3.3 to 3.5. "°Hf/'”Hf ratios for the TVZ basalts range from
0.282872 to 0.283025 with a similar to slightly higher values obtained for the Taranaki
samples ranging from 0.282920 to 0.283070 (Figure 3.3a). The Ruapehu lava samples
have generally higher "°Hf/'”Hf isotope compositions ranging from 0.283003 to
0.283112, with xenoliths hosted in Ruapehu lavas yielding similar to much lower ratios
from 0.283034 to 0.282680. The sedimentary Torlesse mudstones and argillites had the
lowest '"*Hf/""Hf ratios of 0.282669 to 0.282629 with a sample of Waipapa sandstone
yielding a value in this range of 0.282666, and typical TVZ rhyolites yielding higher
values of 0.282902 and 0.282921 (Figure 3.3a).

In a plot of '"*Nd/"*Nd vs. "°Hf/""’Hf (Figure 3.3b), TVZ, Taranaki and Ruapehu
lavas overlap considerably, particularly for '*Nd/'“Nd (from Gamble et al., 1993;
Gamble et al., 1996; Price et al. 1999; Waight & Price 2001; Waight, unpub. data).
However there are apparent differences in ""°Hf/"”’Hf compositions relative to '*Nd/"*Nd
between samples, with the TVZ samples possessing lower ratios than those from
Taranaki and Ruapehu, with the latter having the highest Hf isotope compositions
obtained in this study (e.g. R04-04; 0.283112: Table 3.4). All igneous samples are
significantly displaced from the Pacific MORB data field. The Ruapehu hosted xenoliths
and rhyolitic crustal samples plot in similar field as the igneous samples with one
xenolith plotting lower, with a similar isotopic composition as the sedimentary crustal
lithologies (Figure 3.3b). Sr isotopes also have a limited range in Taranaki, Ruapehu and
TVZ samples analysed (Gamble et al., 1996), with Ruapehu xenoliths the only samples
possessing significantly higher *’Sr/*’Sr ratios (Figure 3.4c).

In a plot of Th/Yb vs "°Hf/'"’Hf (Figure 3.4) the Ruapehu samples R04-04 and
T6-15 (Table 3.1), again plot with data from the Kermadec arc, with all other igneous
samples analysed (Ruapehu, Taranaki and TVZ basalts), showing relatively lower Hf
isotope ratios and somewhat higher Th/Yb ratios.

Plotting SiO, vs. "“Hf/'"Hf (Figure 3.5), there is again significant overlap

between the igneous samples analysed. However, the group of samples with the lowest
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SiO, contents, the TVZ basalts also possess the lowest '"*Hf/""’Hf isotope ratios (Figure
3.5a), forming a negative correlation (Figure 3.5b). There is no clear correlation evident
in the other analysed groups of igneous rocks (e.g. Taranaki and Ruapehu), or data from
the Tonga and Kermadec arcs, which have relatively flat arrays with no apparent

relationship between SiO, and '"*Hf/"”’Hf (Figure 3.4a).

3.5 Discussion

3.5.1 Nature of the Mantle source

In a previous study, the oceanic Tonga-Kermadec subduction system was classified as a
fluid-dominated, high-Ba/La, arc (Ba/La ratios of 27 to 113; Figure 3.2; Woodhead et al.,
2001). High Ba/La ratios are typically coupled with low Th/Yb ratios, extreme ***U/*"Th,
high boron contents and d''B isotope ratios (e.g. Mariana), and thus are linked to an
addition of fluids to the mantle wedge from the subducting slab rather than addition of
melts (McCulloch & Gamble, 1991; Turner et al., 1997; Peacock et al., 1999; Woodhead
et al., 2001). The TVZ basalts have overlapping but generally lower Ba/La ratios (12 to
34; for references see Figures 3.2 and 3.3b) than the rocks from the oceanic Tonga-
Kermadec arc (27-113; Figures 3.2 and 3.3b), and than ratios in the Ruapehu samples (28
to 57; Figures 3.2 and 3.3b) and Taranaki samples (31 to 61; Figures 3.2 and 3.3b).
There is similar overlap with the oceanic arc in the Th/YDb ratios for the TVZ basalts (< 1;
for references see Figures 3.2 and 3.3a) and Ruapehu samples (Th/Yb of 1 to 2), with
Taranaki samples having similar to slightly higher ratios (1 to 4; Figures 3.2 and 3.3a).
However, these variations are relatively slight when compared to a sediment-dominated
high-Th/Yb arc such as the Sunda arc (Figure 3.3a). The main geochemical distinction
between the oceanic rocks of the Tonga-Kermadec arc and their continental counterparts
is markedly lower '"Hf/"""Hf ratios, indicating a relative increase in sedimentary input,
via fluids or melts into these magmas from the subducing slab or from the overlying
crust. This contrasts with results obtained using other isotope systems (e.g. Sr and Pb)
where there was significant overlap between oceanic south Kermadec and continental

TVZ radiogenic isotopes (Gamble et al., 1996).

40



CHAPTER 3 TAUPO VOLCANIC ZONE, NEW ZEALAND

However, unlike other isotopic systems such as Sr, which is thought to be fluid-
mobile, experimental and empirical studies of the Hf isotope system indicate that this
HFSE is effectively immobile during slab dehydration (Tatsumi et al., 1986; McCulloch
& Gamble, 1991; You et al., 1996; Pearce & Peate, 1995; Miinker et al., 2004; Kessel et
al., 2005; Pearce et al., 2007). Despite studies that have questioned this premise (e.g.
Woodhead et al., 2001), Hf isotopes, in tandem with Nd, remain a powerful tool for
identifying source (mantle wedge) characteristics (e.g. Pearce et al., 1999; Miinker et al.,
2004; Pearce et al., 2007). As Hf has been proposed to be immobile in the Tonga-
Kermadec system (Pearce et al., 2007), in a fluid-dominated arc with generally low
Th/Yb ratios, the subducting oceanic plate and sedimentary cover should thus have little
to no impact on the source isotope signature. This is supported by the displacement of the
most primitive samples analysed in this study, as well as samples from the Tonga-
Kermadec arc, away from the Pacific MORB reference field (Pearce et al., 1999).
Samples with the highest Hf and Nd isotope ratios appear to have a closer affinity with
depleted MORB compositions, consistent with previous Sr, Nd and Pb isotope studies of
this region (e.g. Gamble et al. 1996). However unlike Nd, there is significant variation in
Hf isotopes away from MORB compositions with the least evolved samples analysed, the
TVZ basalts, possessing the lowest, i.e. most ‘crustal ratios’ with little to no overlap
between continental samples and their oceanic counterparts (Figure 3.4). Therefore, there
is a difference in sediment input between the oceanic and continental arcs either at source
or in the upper crust traversed. On a plot of "°Hf/'"’Hf vs. 'Nd/'*Nd the difference
between source or crustal contamination is not evident as the subducted sediment and the
sedimentary basement (Torlesse and Waipapa) possess similar compositions. As
mentioned previously, this similarity is not unusual given that oblique subduction has
lead to rapid uplift, erosion and depositon of the New Zealand continental basement
lithologies into the Hikurangi Trench (Gamble et al., 1996). Thus, taken in isolation, the

"SHf/"""Hf isotope data could be interpreted as either source or crustal contamination.

41



CHAPTER 3 TAUPO VOLCANIC ZONE, NEW ZEALAND

3.5.2 Distinction between source and crustal contamination

When "°Hf/'"”’Hf is plotted against an index of fractionation, some distinction may be
drawn on the origin of the sedimentary input to the geochemical signature of these rocks.
In a plot of '"°Hf/""Hf vs. SiO,, there is a broad negative correlation evident in the TVZ
basalts (Figure 3.5). With increasing SiO,, "°Hf/"”"Hf isotopes for these samples decline,
indicating the operation of a crustal AFC type process. Similar negative correlations are
not present in the oceanic Kermadec and Tonga rocks, which possess flat lying linear
trends with high Hf isotope ratios even with much higher SiO, contents up to 70 wt %.
This suggests that while potentially not a significant process for the oceanic arc, late
crustal contamination is indeed a significant in the continental portion of the arc. This
contrasts with previous studies, which proposed that the bulk of isotopic variation in the
TVZ samples, was due to source contamination (e.g. Gamble et al., 1996) with crustal

contamination of lesser importance.

Unlike the TVZ basalts, there is no evident correlation between the analysed Ruapehu
and Taranaki samples for '"*Hf/"’Hf and SiO,. The presence of meta-sedimentary
xenoliths of restitic origin (Graham et al., 1990) with similar to significantly lower
""SHf/"""Hf ratios in Ruapehu lavas provides strong evidence for an input of sedimentary
melts into arc magmas. Detailed geochemical studies have shown that crustal
contamination is indeed an important process for Taranaki and in particular Ruapehu
where high heat flow, thinning of the silicic crust and melting of an underplated lower-
crust allows voluminous rhyolite formation via crustal anatexis and re-mobilisation of
older igneous productes (Price er al, 2005 and refernces therein), however, this is not
directly evident in their "°Hf/"""Hf isotope ratios.

Thus it is evident that assimilation of crustal material is an important process for
these centres and the lack of a clear geochemical contamination signal in "°Hf/'""Hf
isotope ratios for Taranaki and Ruapehu could be a function of the limited number of
samples analysed. However even a small amount of assimilation of continental Hf, with
zircon as a likely carrier, would substantially modify the "°Hf/'"’Hf isotope signature of

the magma. The complexity of the plumbing systems feeding these volcanoes may be a

42



CHAPTER 3 TAUPO VOLCANIC ZONE, NEW ZEALAND

factor (Price et al. 2005), resulting in variation in the apparent impact or extent of crustal
contamination. Geochemical variability over the short term, heterogeneity in crystal
populations and entrained volcanic and meta-sedimentary xenoliths indicate a complex
plumbing system of numerous magma reservoirs or dyke and sill type feeders for these
volcanoes (Price et al., 2005). This type of system has been proposed for other large
andesitic volcanoes, e.g Tatara San Pedro (Dungan et al., 2001) and results in
geochemical complexity due to large contact area with the country rock and isolation of
magma batches in a network of distinct reservoirs. The action of crystal recycling,
accumulation, magma mixing and assimilation may collectively act to obscure typical
liquid trends in highly-crystalline porphyritic magmas such as the samples analysed from
Ruapehu and Taranaki. Also given the fact that these two centres are large and relatively
long-lived, extensive magmatism may result in the removal of fusible components from
the surrounding country rock, with side wall crystalisation, potentially insulating separate
magma batches from direct contact with this crust and thus, large amounts of crustal
assimilation (c.f. Thompson er al. 1986; Kerr et al. 1999). Conversely, the effects of
assimilation of crustal material may appear relatively more extreme in the aphyric TVZ
basaltic samples as they probably represent true liquids, sourced from monogenetic cones
and vents which are thought to have ascended through the crust as individual batches of
hot magma (Gamble et al., 1993) and are thus highly susceptible to assimilation. This is
in keeping work by Huppert and Sparks (1985), Kerr et al. (1995), and Peate et al. (In
Press), which show that hotter, mafic magmas with primitive compositions rising swiftly
through the lithosphere can assimilate significant amounts of crust with limited
fractionation. These magmas then show a more ‘crustal’ signature as compared to cooler

and more evolved samples, which formed in larger and longer-lived systems.

3.6 Conclusions and Implications

Upper crustal sediments of the North Island (Torlesse and Waipapa) as well as subducted
sediments have overlapping compositons and are essentially the same with respect to
Hf/'""Hf, providing a challenge for discerning between source and crustal

contamination. Despite representing the least evolved products of the conintental
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subduction zone system, and thus the most likely to reflect primary melt signatures,
Ruapehu, Taranaki and particularly the TVZ basalt samples show evidence for crustal
contamination in contrast to samples from the oceanic Tonga-Kermadec arc which have
been prosoed to have been largely affected by souorce conatimation (Woodhead et al.,
2001). All New Zealand samples analysed here are displaced from MORB compositions
and from Kermadec and Tonga samples for '"*Hf/'”’Hf isotopes. Samples with the lowest
SiO, contents have the lowest, i.e. most crustal "°Hf/'"’Hf isotope ratios with a negative
correlation apparent in the TVZ basalt samples analysed indicating that this is not a
source contamination effect. Despite a lack of a similar trend between such an index of
fractionation and °Hf/'""Hf isotopes in the Ruapehu and Taranaki samples, crustal
contaimination is also a factor for these centres based on the presence of variably
metamorphosed crustal xenoliths and geochemical heterogeneity reported in the
literature.

This study therefore highlights the inherent danger in using whole rock
geochemical systems in isolation to assess processes and evolution of highly crystalline
porphyritic samples. Even in systems where crustal contamination is known to be
occurring, geochemical signatures in whole rock samples can be indistinct. Whole rock
geochemical data should therefore be used in conjunction with careful petrographic and
mineral analysis, with only samples of limited crystallinity and complexity likely to give
true liquid compositions. Secondly, this study shows that even in basalts that have
experienced only a limited extent of differentiation may be influenced strongly by
shallow crustal contamination, and that this variation may not be discernable from source
contamination using other isotopic systems. Thus, care must be taken when using
apparently relatively un-evolved volcanic products to assess source compositions and

mechanisms.
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Table 3.1 Cleaning sequence for resin after loading onto columns

Column Step Resin
Glass Column Cleaning Sequence 2 x 20ml 6M HCI
( AG 50W - X8 resin)
Pre-Loading 10mlI 2M HClI
Hf Mini Column o D T ~1ml 10.5M HCI
(~ 0.3ml TEVA spec g ~ 3ml 0.6M HCI
resin) Pre-Loading ~ 0.5ml 10.5M HCI
~ 1ml 3M HNO3
~1ml MQ
Cleaning Sequence ~ 1ml 3M HNO3
~1ml MQ
Nd Mini Column ~ 1ml 3M HNO3
(~ 0.3ml RE spec resin)
Pre-Loading ~ 0.5ml 3M HNO3

Table 3.2 Procedure for elution of matrix, HFSE and REE, and collection of Hf

Column Step Acid

Elute Matrix ~ 25ml 2M HCI
Glass Column Elute Ba ~ 30ml 2M HNO3
(AG 50W - X8 resin) Elute HFSE + REE ?20ml 6M HCI
Mini Column Collect REE ~3ml 10.5M HCI
(~ 0.3ml TEVA spec resin)  Collect Hf ~ 3ml 6M HCI

Table 3.3. Faraday Collector Array Used for Hf MC-ICPMS Measurements (after Bizzaro et
al., 2003; Ulfbeck et al., 2003)

Collector L4 L3 L2 L1 AX H1 H2 H3 H4

Mass 173 175 176 GG A8 RRIITS 180 181 182

Isotope DI BN SY b e H T E s P a VWA Tialk s W
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Table 3.4 Hf Isotope data for all samples analysed by MC-ICPMS

Sample Type V°Hf TTHE 2SE ¢ HF
TVZ Basalts'
TVZ-12 Tatua 0.282999 0.000007 8.0
TVZ-14 Ongaroto 0.282887 0.000003 4.1
TVZ-15 Kakuki 0.283003 0.000003 8.2
TVZ-13 Tatua 0.283025 0.000003 8.9
TVZ-5 Atiamuri 0.282916 0.000002 5.1
TVZ-6 Ben Lomond 0.282960 0.000002 6.6
TVZ-7 Trig 9474 0.282931 0.000009 5.6
TVZ-8 Rotokawau E 0.282919 0.000004 5.2
TVZ-9 Rotokawau W 0.282872 0.000003 315
TVZ-17 Harry Johnson 0.282910 0.000002 49
Taranaki’
T90-46 Young ring plain 0.282920 0.000003 53
T90-42a Old ring plain 0.282999 0.000002 8.1
T89-21 Warwicks Castle 0.282974 0.000002 72
T89-11 Fanthams 0.282992 0.000002 7.9
T89-24 Staircase 0.283070 0.000002 10.6
Ruapehu®
R95-20 Whangaehu gorge 0.283003 0.000003 8.2
R04-04 Ruapehu basalt 0.283112 0.000003 12.1
T6-27 Te Herenga Ridge 0.283089 0.000006 14153
T6-15 Te Herenga Ridge 0.283109 0.000002 12.0
Ruapehu Xen.*
R97-50b 0.282979 0.000002 7.4
R97-75b 0.282912 0.000002 5.0
R97-92x2 0.282922 0.000003 5.4
R97-87x1 0.283034 0.000003 94
R97-92x1 0.282910 0.000002 5.0
R97-104x Meta-sed. xen. 0.282680 0.000002 -3.2

Local Crust*

Z1/03 rhyolite 0.282902 0.000002 4.7
Z1/01 rhyolite 0.282921 0.000002 53
P23553 Waipapa sst. 0.282666 0.000002 -3.7
P54703 Torlesse sst./mst. 0.282666 0.000002 -3.7
P55908 Torlesse sst./mst. 0.282635 0.000002 -4.8
P55962 Torlesse sst./mst. 0.282669 0.000002 -3.6
P55907 Torlesse sst./mst. 0.282629 0.000002 -5.0

! Described by Gamble et al., 1993, 1996

?Described by Price et al., 1999

*Described by Valente, 1995, and Waight et al., 1999
* Unpublished Waight
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Figure 3.1 a) Sketch map North Island (after Waight et al., 1999), New Zealand, showing
location of the Taupo volcanic zone, Ruapehu and Taranaki volcanoes realative to outcrop
of Torlesse and Waipappa terrane basement and the Hikurangi Trench. Inset showing
location relative to the south Kermadec arc. b) Schematic cross-section through the New
Zealand subduction zone system.
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Figure 3.2 Ba/La vs. Th/Yb samples analysed in this study plotted relaive to
data for the Havre Trough and the Kermadec, Tonga, and Sunda arcs (from
Woodhead et al.,, 2001). Ba/La vs. Th/Yb is used to classify different
oceanic arc 'types'; fluid dominated (Ba/La arcs) and sediment dominated
(Th/Yb arcs). The Tonga-Kermadec arc is a high Ba/La arc with generally
low Th/Yb ratios. In the continental extension of this arc, Ruapehu,
Taranaki, and to a lesser extent, TVZ samples plot away from the x-axis
with slightly higher Th/Yb ratios indicating an increased input from
sediments and or fractional crystallisation (e.g. Woodhead et al., 2001).
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Figure 3.3 a) Th/Yb and b) Ba/La vs. 176Hf/177Hf for Ruapehu, Taranaki and
TVZ samples plotted relative to data for Pacific Ocean sediments, the Tonga,
Kermadec and Sunda arcs and the Havre trough (affer Woodhead et al.,
2001). The vertical black arrow denotes the range of typical MORB
compositons reported by Nowell et al., 1998).
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Figure 3.4 a) 176Hf/177Hf variation diagram illustrating ranges in
compositions for samples analysed in this study, relative to data for the
oceanic Tonga and Kermadec arc, Havre trough, and subducted
sediments for the region (Pearce et al., 1999, 2007; Woodhead et al,
2001). b) 176Hf/177Hf vs. 143Nd/144Nd plot for crust (Torlesse, Waipapa
and Rhyolites), Ruapehu, Taranaki and TVZ samples relative to data for
the Havre trough, Tonga, Kremadec, and Sunda arcs, as well as
subducted sediment (references as in a). Also included are data fields for
Pacific MORB (Pearce et al., 1999; Woodhead et al., 2001), Indian MORB
(Salters, 1996; Nowell et al., 1998; Chauvel & Blichert-Toft, 2001), Normal
MORB (Ito et al., 1987; Salters & Hart, 1991; Chauvel & Blichert-Toft
2001). Tonga-Kermadec arc data and the sample from the Havre Trough
plot within MORB reference fields but are displaced from Pacific MORB
indicating limited or absent input from the subducting oceanic slab
(Woodhead et al., 2001). Data indicate a strong sedimentary influence on
Hf and Nd isotope ratios for magmas from the continental New Zealand
arc, particularly in the TVZ samples. c) 87Sr/86Sr vs. 176Hf/177Hf plot
showing overlap in Sr isotope range for TVZ, Taranaki and Ruapehu
samples (references as in a) which are slightly higher than Tonga,
Kermadec, and Havre Trough samples.
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Figure 3.5 a) SiO, vs. 176Hf/177Hf diagram for TVZ, Taranaki, and Ruapehu
samples plotted relative to Torlesse sediments and data from the literature for
reference (Tonga, Kermadec, and Sunda arcs, the Havre trough, and Pacific
ocean sediments from Pearce et al., 1999; Woodhead et al., 2001;Pearce ef al.,
2007). b) SiO, vs. 176Hf/177Hf diagram for TVZ basalts showing distinct
correlation between increasing SiO5 and decreasing Hf isotope ratio.
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CHAPTER 4 — MERAPI VOLCANO

4.1 Introduction

In 1967, Dickinson and Hatherton first correlated K,O content of volcanic rocks from
Kermadec volcanoes to depth to the underlying Wadati—-Benioff zone and effectively
identified a link between subduction and the generation of andesite. Since this seminal
work, oceanic arcs have been a testing ground for understanding subduction processes
and crustal components beneath continental and oceanic crust. Understanding the
processes involved in magma petrogenesis at arcs is integral for assessing sediment
recycling and mass flux of material (e.g. Rea & Ruff, 1996) and to understanding the
evolution of continental crust (Annen et al., 2006).

Island arc magmas are typically thought to exhibit geochemical characteristics
that are generated by variable source components in combination with differentiation
processes (Figure 4.1). The mantle wedge above the subducting slab is generally thought
to be the most volumetrically significant source component in arc magma petrogenesis
(e.g. Arculus & Powell, 1986) and on the basis of geochemical studies, is generally
inferred to have a mid-ocean ridge type (MORB) (Perfit e al., 1980), or depleted
MORB (Woodhead et al., 1993; Elliot et al., 1997) chemistry. The subducting oceanic
plate and its sediment cover are further two components (Ellam & Hawksworth 1988;
Kay, 1980; Gamble et al., 1996, 1997; Price et al., 1999). These three sources and their
varying compositions, are thought to be the prime constituents involved in the
production of primary arc magmas (e.g. Davies & Stevenson, 1992; Tatsumi & Eggins,
1995). However, given that primary magmas are only rarely observed in arc settings
(Annen et al., 2006), it is evident that other factors are at work, and that modification of
these melts during their ascent to the surface may be significant in arc magma
petrogenesis as well. The effect of interaction between melt and the overlying
lithosphere is commonly only considered for studies of evolved continental arc magmas.

However, there is mounting evidence that indicates shallow crustal interaction may also
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be significant for island arc settings (e.g. Tamura et al., 2002; Smith et al., 2003; Smith
et al., 2006).

Continental and oceanic subduction zones produce volcanic rocks of diverse
compositions, and lavas from individual volcanic centres may have a silica range of
more than 20 wt%. This compositional spectrum is the product of varied magmatic
processes, including crystallization (Bowen, 1928; Gill, 1981; Rogers & Hawkesworth,
1989; Grove et al, 2002, 2003), magma mixing (Hildreth & Moorbath, 1988) and crustal
assimilation (Grove et al., 1988; Davidson & Tepley, 1997) in combination with source
processes. Numerous studies of arc lavas have attempted to highlight the importance of
differentiation processes and the difficulties involved with discerning source
characteristics due to the action of fractional crystallisation, magma mixing, and addition
of variable amounts of crustal material during petrogenesis (e.g., Davidson et al., 1990).
Contamination by the lithosphere is particularly important in subduction zones where
there is a high heat flux, facilitating bulk assimilation of crustal material, assimilation of
partial crustal melts and or selective exchange of specific elements (e.g. De Paolo, 1981;

Leeman, 1983; Huppert & Sparks, 1985; Wilson, 1997).

Our understanding of the nature, scale and location of physical processes operating in
the crustal magmatic system of subduction zone volcanoes remains in its formative
stages. Identification of a crustal component in magma genesis through whole rock
radiogenic isotopes often yields limited information about where and when this
contamination has taken place; at source (ie. from the subducting slab), or in the crust
during ascent. Identifying the nature of the assimilated crust is integral for assessing the
impact of contamination. However, in many cases this is difficult to constrain,
particularly where basement exposure is poor or where there is a lack of entrained
crustal xenoliths within the magma. Where these pre-requisites are known, one can test
magma-crust interaction by analysing components encorperated in these arc magmas to

gain further information about where in the system the addition(s) may take place.
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Analysing igneous and meta-sedimentary inclusions incorporated in lavas can yield sub-
surface information, as disaggregated xenolithic material is potentially a source of
heterogeneity at a sub-crystal and crystal scale and these fragments may preserve unique
records of crystallisation and crustal interaction. Analysing crustal xenoliths yields a
direct measure of the nature of the host rock to magma reservoirs and preserves a

snapshot of magma-crust interaction.

Crystalline components within volcanic rocks also potentially preserve individual
records of shallow level process (e.g. Davidson & Tepley, 1997; Zellmer et al., 1999)
(Figure 4.2). Using this premise, modern in situ analytical techniques can be utilized to
unravel the differentiation history of volcanoes. This not only accounts for the effects of
differentiation and constrains the nature of the original source, but also gives a means of
quantifying the mechanisms and fluxes of late crustal contamination. In addition,
coarsely crystalline inclusions in arc magmas, often regarded as crystallisation residues,
may reflect differentiation processes that have operated on the magmas of these arcs
(e.g. Beard, 1986; Fichaut et al., 1989; Beard & Borgia, 1989; Heliker, 1995). Analysing
their petrography, mineralogy, and geochemistry can yield information on what
processes are occurring, and potentially where they occur, in the sub-volcanic plumbing
system. A more comprehensive identification of magmatic structure is possible by

combining petrochemical information with geophysical data of the system.

Surface expressions of volcanism, including eruptive products and gas effusions, can be
utilised to establish late stage process including the presence and extent of shallow
magma-crust interaction. He and C isotope analysis of gas samples of volatiles in high
temperature fumarole gases can be used to evaluate the extent of magma crust
interaction. However, shallow crustal assimilation is rarely considered significant for
modifying He and C isotope signatures in volcanic gases at oceanic arcs (eg. Sano &
Marty 1995; Hilton et al. 2002). The 8"C ratio of magmatic CO, is generally considered
to be in the range of -6 to -8 (Javoy et al. 1986; Marti & Tolstikhin 1998). Open and
closed system degassing can alter this ratio to more negative values, however markedly

light signatures in fumarole gases for C (e.g. 8"°C > -4) suggests that CO, may be
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derived from a non-magmatic, high-8"°C source (e.g. limestone in the overriding crust
with 8"°C ~ 0). However, this system used in isolation may not give a distinction as to
whether contamination is at source or in the crust. Source contamination is believed to
have little or no significant effect on mantle He signatures (average mantle *He/*He R, =
8.5) at oceanic arcs (Hilton et al, 2002). Subsequently, anomalously low *He/*He in
fumarole gases suggests a late input of crustal He (continental crust *He/*He R,, = 0.1 to
0.001). Therefore these isotopes used in conjunction can identify the nature of crustal

contamination in the subduction system.

By combining traditional and new analytical techniques, it is therefore possible to
comprehensively identify and assess magmatic processes potentially masked in
conventional whole rock geochemistry. Merapi volcano, in Java, Indonesia is an
excellent natural laboratory to investigate magma-crust interaction and magmatic
process in the crust for numerous reasons. The non-igneous basement to Merapi is
dominantly comprised of carbonate (Van Bemmelen, 1949), which, if assimilated,
should have significant impacts on magmatic and volcanic activity (e.g. Goff et al.,
2001). In addition, Merapi has a high eruptive activity and significant fumarole flux, and
its lavas are rich in zoned plagioclase, metasedimentary xenoliths (c.f. Camus et al.,
2000), enclaves and coarsely crystalline igneous inclusions for study.

Recent studies of the central Java crust has shed light on the large scale structure
(Smith & Sandwell, 1997; Smyth et al., 2005; Waltham ez al., 2006; Koulakov et al.,
2007; Wagner et al., 2007; Chadwick et al., submitted) and by integrating this
information into results obtained from petrochemical work, we can effectively describe
the processes that are occurring beneath Merapi volcano and identify the approximate
location and scale of the system beneath the volcano. A more complete understanding
of the magmatic system feeding Merapi volcanism has obvious social implications for
hazard prediction for the local population living in the shadow of this volcano, as well as
scientific interest in how we consider Merapi and similar persistently active subduction

zone systems elsewhere.
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4.2  Geological Setting

The Merapi complex is situated on the active volcanic front of the Sunda arc (Figure 4.3),
which extends >3000 km from the Andaman Islands north of Sumatra to the centre of the
island of Flores and forms 76% of Indonesia’s Holocene volcanoes (Simkin & Siebert,
1994). This extensive arc is the result of the northward orthogonal subduction (6.7-
Tcm/yr; Tregoning et al., 1994) of the Indo-Australian Plate, thought to form a
continuous slab, beneath the Eurasian plate (Hamilton, 1979; Jarrard, 1986). The regional
subduction history for the Sunda arc dates back to the Permian (Katili, 1975).

Merapi forms part of a cross Java chain of volcanoes including Ungaran, Telemoyo,
and Merbabu (Camus et al., 2000). The active arc in East to Central Java is bound to the
south by the Southern Mountains Zone, remnants of the earlier Eocene to Miocene
volcanic arc, and to the north by the Kendeng and Rembang Zones (Figure 4.4, Smyth et
al., 2005). The Kendeng Zone is the main Cenozoic depocentre for the region, (Smyth et
al., 2005), and is thought to contain between 8 km (de Genevraye & Samuel, 1972) and
11 km (Untung & Sato, 1978) of sediment. This sediment covers a basement of uncertain
composition, generally considered as immature, arc crust, which extends approximately
25 km below the surface (Curray et al., 1977; Hamilton, 1979; Jarrard, 1986, Van
Bemmelen, 1949). The upper crust in this area to the south of Merapi is comprised of a
sequence of Cenozoic marine limestones and marls and volcaniclasticsediments (Figure
4.5) with units up to 2 km thick (van Bemmelen, 1949) that crop out proximal to Merapi
and can be found as abundant, thermally metamorphosed sedimentary xenoliths (c.f.

Camus et al., 2000).

Merapi volcano, in central Java, is a large Quaternary strato-volcano, formed in the Late
Pleistocene (Purbawinata, 1996) with frequent eruptions occurring in historic and
prehistoric times (Voight et al., 2000a). Merapi is located in central Java (Figure 4.3) and
is regarded as the most active and dangerous volcano in Indonesia (Camus et al., 2000),
with an estimated 3000 — 5000 fatalities since 1672 (Simkin & Siebert, 1994) and
eruptions approximately every two years for the past two decades (1980, 1982, 1984,
1986, 1992, 1994, 1996/7 and 1998; Voight et al., 2000). The volcano is currently
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characterized by periods of active and persistent dome growth and collapse producing
block and ash flows and surges with intermittent more explosive events. Dome growth
periods that last for several years are usually interrupted by short explosive events, lasting
hours to days (Camus et al., 2000; Gertisser & Keller, 2003b; Andreastuti, et al., 2000;
Newhall, et al., 2000). However, the stratigraphic record for Merapi indicates that
frequent large explosive eruptions have occurred regularly in the past with potential for
the volcano to revert to this more explosive eruptive style in the future (Camus et al.,
2000; Gertisser & Keller, 2003b; Andreastuti, et al., 2000; Newhall, et al., 2000), thus
posing a significant hazard to the city of Yogyakarta, 25 km to the south, as well as the
densely populated areas at the base of the volcano (Siswowidjoyo et al, 1995;
Andreastuti et al., 2000; Camus et al., 2000; Itoh et al., 2000; Newhall er al., 2000;
Thouret et al., 2000 and Voight et al., 2000b).

Van Bemmelen produced the first detailed record of the structure and evolution of
Merapi volcano in 1949. In this work, he identified an older edifice, Old Merapi,
outcropping on the northeast to east flank of the volcano, and an overlying younger active
volcanic centre, New Merapi (van Bemmelen, 1949; del Marmol, 1989; Newhall ef al.,
2000). Recent work by Newhall ez al. (2000) and Gertisser (2001) dates the initiation of
volcanism of Old Merapi, at 9630 + 60 "“C yr BP and 11792 + 90 "“C yr BP respectively.
Earlier volcanism during a proto or ancient Merapi stage has been identified by other
workers using U/Th dating which dates the oldest units at 40 000 years BP
(Berthommier, 1990; Camus et al., 2000, Newhall et al., 2000). This older volcanism is
evident at the hills of of Gunung Turgo and Gunung Plawangan on Merapi’s southern
slopes (van Bemmelen, 1949; Camus et al., 2000). Berthommier (1990) and Camus ef al.
(2000) proposed that Gunung Bibi, on the north-eastern flank of Old Merapi, is yet an
older pre-Merapi volcanic remnant, underlying Ancient Merapi. Del Marmol (1989) and
Newhall et al. (2000) in turn, proposed that Gunung Bibi was a parasitic cone on the
Merapi edifice. However, a sample form this location has been K/Ar dated at 67,000 +
25,000 y BP (Berthommier, 1990), and given its highly eroded nature and morphology
this older age appears more likely (Camus et al., 2000).
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Merapi dome growth is typically associated with deep and shallow earthquakes
(volcanotectonic seismic events) (Ratdomopurbo & Poupinet, 2000). However, some
pyroclastic eruptions at Merapi are associated only with shallow hybrid seismic events
and tremors (Ratdomopurbo & Poupinet, 2000; Hidayat er al., 2000). Eruptions
associated with deep volcanotectonic earthquakes, are believed to indicate magma
migration from below the volcanic edifice (Ratdomopurbo & Poupinet, 2000). However,
eruptions associated with shallow seismic activity are characterised by hybrid
earthquakes, multi-phase events and tremors and potentially indicate shallow processes as
eruption triggers in a high-level system (Ratdomopurbo & Poupinet, 2000).

The identification of an aseismic zone at a depth of approximately 2.5 to 3 km
below the summit in 1995, was taken to indicate the existence of a shallow magma
storage system beneath Merapi (Ratdomopurbo & Poupinet, 2000) in agreement with
petrological results (Gertisser & Keller, 2003b). However deeper storage chambers have
also been postulated on the basis of mineral geobarometry, suggesting a quasi-steady
state magma supply system beneath Merapi (Gertisser, 2001). High-resolution gravity
data has identified a high-density body deep beneath the volcanic summit of Mt. Merapi,
(Tiede et al., 2005) and GPS and tilt data (Westerhaus et al., 1998; Beauducel & Cornet,
1999) and seismic data (Wasserman et al., 1998) do not provide evidence for an edifice-
hosted shallow magma reservoir. Many previous geophysical studies in Central Java have
focused on the internal structure of the Merapi edifice (Maercklin ef al. 2000; Wegler &
Liihr 2001; Miiller et al., 2002; Miiller & Haak 2004), however no conclusive evidence
for an edifice-hosted chamber has been found and the deeper structure beneath the
volcano supplying melt is also poorly understood. Recent work (Koulikov et al., 2006,
Wagner et al., 2006; Chadwick et al., submitted), has identified a large tomographic
anomaly in the crust and upper mantle beneath Merapi and Central Java, which indicates
that the magma supply system beneath the volcano is far more extensive than previously

thought.
Recent volcanic activity at Merapi has been largely restricted to fumarolic degassing and

the extrusion of relatively homogenous, viscous, crystal- and inclusion-rich dome-

forming lavas (Gertisser & Keller, 2003b). Merapi currently degasses continuously
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through high temperature fumaroles (>500°C) with two high-temperature fumarole fields
located near the Merapi summit, Gendol and Woro, (Zimmer & Erzinger, 2003). Recent
volcanics exhibit a high-K basaltic-andesite composition (Bahar, 1984; del Marmol,
1989; Hammer et al., 2000; Gertisser & Keller, 2003a). These samples display a
relatively restricted spread in whole rock isotopic ratios and have been interpreted as
displaying minimal interaction with the crust at shallow levels (Gertisser & Keller,
2003a) but providing strong evidence for source variability and fractionation, resulting in
progressive changes in the compositions of magmas erupted from the volcano through
time (Gertisser & Keller, 2003b). However, well developed crystal zonation, and the
presence of numerous inclusions of both igneous and sedimentary origin in recent
deposits suggest the operation of varied magmatic processes (cf. Renzulli et al. 2001,
2003). In a large and long-lived system such as Merapi, intra-crustal processes are likely
to be significant in magmatic evolution, and their identification and location is integral to

understanding the dynamics of the volcano.
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4.3  Analytical Techniques

4.1.1 Whole rock techniques

4.1.1.1 Sample preparation

Selected samples of porphyritic lavas and crystalline inclusions were hand crushed in an
agate mortar and pestle, the samples were then sieved and resulting rock chips (0.5 —
0.7mm) were hand picked using a binocular microscope. These chips were washed, dried,
and then powdered using an agate mortar and pestle followed by a final phase of

powdering in a ceramic TEMA © mill.

4.1.1.2 X-Ray Diffraction analysis (XRD)

Powdered calc-silicate samples were analysed by X-Ray Diffraction (XRD) by A.
Calder at the Facility for Earth and Environmental Analysis (FEEA), St. Andrews
University, Scotland using a PW1050 with a fixed divergence slit and a graphite
monochromator. Siemens Diffrac-AT software package was used for identification of
unknown diffraction patterns in conjunction with an ICDD database and quantification of

multiple phases was carried out using Siroquant software.

4.1.1.3 Major and trace element analyses - X-Ray Fluorescence (XRF)

Selected samples were powdered to < 65 um, homogenised and then dried at 105°C prior
to analysis by X-Ray Fluorescence spectrometry (XRF) at GEOMAR, Kiel University.
Fused glass beads were formed and analysed by D. Rau using an automated Phillips ©
PW1480 X-ray spectrometer. The beads were irradiated with primary X-rays which were
absorbed according to Beer’s law, generating a secondary X-ray emission spectrum,
which is characteristic for each element in the sample. All analyses were carried out
using a Rh X-ray tube and calibrated to international geological reference standards,

BHVO-1, JA-2, JB-2, JB-3 and JR-1. H,O and CO, were analysed on ignition of samples
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at 1200°C using a Rosemount © CWAS5003 infrared photometer (e.g. Troll & Schminke,
2002). Standard analyses are reported by Abratis et al. (2002).

4.1.14  Rare Earth Element analyses - Inductively Coupled Mass Spectrometry
(ICPMS)

ICP-MS is a multi-element analytical method, which allows the quantification of
concentrations of isotopes and trace elements, including rare earth elements (REE). Rare
earth elements were analysed by inductively coupled plasma—mass spectrometry (ICP-
MS) at the Rock Geochemical Laboratory of the Geological Survey of Denmark and
Greenland in Copenhagen. The samples were prepared using a modified version of the
method described by Turner ez al. (1999) and were analysed using a PerkinElmer © 6100
DRC Quadrupole ICP-MS with a Meinhard nebulizer. Detection limits and analytical
precision range from <100 ppb to <1 ppt, and relative analytical precision is typically ~2

to 5% (one standard deviation).

4.1.1.5 Radiogenic Isotope analyses — Multi Collector-Inductively coupled Mass
Spectrometry (MC-ICPMS)

Nd and Pb isotopic analyses were performed at the Danish Lithosphere Centre and
measured using an Axiom multi collector inductively coupled plasma mass spectrometer

(MC-ICPMS).

43.1.5.a Lead Isotopes

The sample powders were prepared in 7ml Savillex © beakers within a Class 10 Laminar
Flow Hood. Seastar ultra pure acids were used throughout the procedure. All samples
were hot-acid (7M HCI) leached for 1 hour to remove anthropogenic Pb contamination,
then thoroughly rinsed with Milli-Q deionised water prior to acid digestion. JB-2 was

used as the standard during the procedure, but was not acid leached prior to acid
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digestion. Samples, standards and blanks were then subjected to the acid digestion

procedure outlined in Figure 4.6.

Following acid digestion, the resulting dried residues were re-dissolved in 1 ml of 1M
HBr to bring Pb into solution for anion exchange column chemistry. The mini columns
(I1ml pipette tips) and fibreglass frits used for this procedure were leached for 1 week
prior to chemistry in 3.5M HCl to reduce blanks, and were thoroughly rinsed with Milli-
Q deionised water prior to use. The mini columns, fibreglass frits and anion exchange

resins used for this procedure were all discarded after use.

Approximately 0.3ml of anion exchange resin was loaded on to each column, and was
cleaned and prepared for sample loading following the procedure outlined in Table 4.1.

Each sample was then loaded onto a mini-column with a new, and clean pipette tip.

All elements excluding Pb were then eluted from the column following chemistry
sequence 1 (Table 4.2). The Pb was then eluted following sequence 2 (Table 4.2), and

collected into cleaned Savillex beakers.

The samples were then evaporated before repeating the column chemistry to ensure all
other elements are removed completely. Following the second stage of column chemistry
and evaporation, 0.03ul of 14M HNO, was added and the sample re-evaporated to help

take up the Pb into solution prior to analysis.

The samples were dissolved in 1ml 0.2% HNO,, on a hotplate for 2 — 3 hours prior to
analysis to ensure complete dissolution of Pb. 80ppb Pb standard solutions of acid-
leached SRM 981 were produced in 1.5ml of 0.2% HNO,, see Baker et al., (2004) for

details.
Samples were introduced into the mass spectrometer via an aridus desolvating nebuliser

using argon as the sweep gas. After each analysis, the nebuliser tip was thoroughly

washed with Milli-Q deionised water and the system washed out with 2% HNO, for up to
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5 minutes, to reduce baseline Pb levels before introduction of the next sample. Data were
collected by static multi-collection with the collectors set up as shown in Table 4.3. On-
peak zeros were measured for approximately 1 minute prior to every analysis, while still
aspirating 0.2% HNO, to take Pb memory in the system into account (see Baker et al.,

2004).

Samples were analysed between measurements of the SRM 981 standard with 2 — 5
samples between standards. Values of SRM 981 during this study (n = 14) were
2Pb/™Pb = 16.9418 + 10, *’Pb/*Pb = 15.4990 + 11 and **Pb/**Pb = 36.7245 + 34.
Duplicate analyses of these standards, JB-2 and samples indicate an external

reproducibility of < 60 ppm (2 sd) for all ratios with total procedural blanks <100 pg.

4.3.1.5.b Neodymium Isotopes

The sample powders (200mg) were prepared in 15ml Savillex beakers within a Class 10
Laminar Flow Hood. Distilled acids were used throughout the procedure. All samples
were hot-acid (6M HCI) leached at 120° for two hours to remove alteration products, then
thoroughly rinsed with Milli-Q deionised water prior to acid digestion. JB-2 was used as
the standard during the procedure, but was not acid leached prior to acid digestion.
Samples, standards and blanks were then subjected to the acid digestion procedure

outlined in Figure 4.6.

Following acid digestion, the resulting dried residues were re-dissolved in 1 ml of 2M
HCL to bring the sample into solution for anion exchange column chemistry. Cleaned
glass columns were used for this procedure and were thoroughly rinsed with Milli-Q

deionised water prior to use.

Approximately 4.5ml of AG50W-X8 100-200 mesh resin was loaded on to each column,
and was cleaned and prepared for sample loading following the procedure outlined in

Table 4.4. Each sample was then loaded onto the columns with a new, and clean pipette

tip.
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Nd is separated from the dissolved sample following chemistry sequence 2 (Table 4.5)

and collected into cleaned Savillex beakers.

Nd samples were then dissolved in 0.2% HNO; for 1 hour and cooled prior to moving to
beakers for analysis. 1:10 dilutions were made for all samples and then altered
accordingly to produce samples suitable for analysis. Samples were analysed in between
a standard solution (AMES Nd + Sm,), at a rate of every 2 — 4 samples. AMES values
during this study (n=9) were 0.51211 + 7 and the total procedural blank was < 95 pg.

43.1.6 Radiogenic isotope analyses -Thermal Ionisation Mass Spectrometry (TIMS)

4.3.1.6.a Strontium Isotopes

The sample powders (200mg) were prepared in 15ml Savillex © beakers within a Class
10 Laminar Flow Hood. Distilled acids were used throughout the procedure. All samples
were hot-acid (6M HCI) leached at 120° for two hours to remove alteration products, then
thoroughly rinsed with Milli-Q deionised water prior to acid digestion. JB-2 was used as
the standard during the procedure, but was not acid leached prior to acid digestion.
Samples, standards and blanks were then subjected to the conventional HF-HNO,-HCL

acid dissolution technique outlined in Figure 4.6.

Approximately 4.5ml of AG50W-X8 100-200 mesh resin was loaded on to each column,
and was cleaned and prepared for sample loading following the procedure outlined in
Table 4.4. Each sample was then loaded onto the columns with a new, and clean pipette
tip. Sr was separated from the dissolved sample, eluted following chemistry sequence 1
(Table 4.5) and then collected into cleaned Savillex beakers and dried down prior to

analysis.

The Sr cut was loaded onto on Ta filaments in 1M phosphoric acid and analysed using a

VG Sector 54-IT TIMS at the Geocentre, Copenhagen. Analyses were undertaken in
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dynamic mode with a three-peak jump sequence and an average total procedural blank of
10 £+ 8 pg (20). Sr results were corrected for mass fractionation using the exponential law

and an **Sr/**Sr ratio of 0-1194. *'Rb interference on Sr was corrected using *Rb.

4.3.1.7 Stable Isotope analyses — ICPMS

We analysed andesite whole rocks, calc-silicate inclusions and local local chalks for C
and O isotpes. Silicate material was analysed by Geo-Chemische Analysen (GCA), a
German analytical company which specialises in stable isotope analysis. Carbonate
samples were analysed with R. Goodhue at the Geochemical Laboratory, Trinity College
Dublin using a Thermo Delta™ Continuous Flow Isotope Ratio Mass Spectrometer (CF-
IRMS). For 9”C and 9'O analysis of carbonates, a CTC Analytics CombiPal
Autosampler with a thermostated hot block and FMI acid pump is interfaced to the
Delta™ via a Thermo GasBench II.

0.6mg of each sample was weighed into a clean dry round-bottomed borosilicate
exetainer using a Sartorius MC5 microbalance. The exetainer was capped with a new
septum and racked in the hotblock. Each sample exetainer was flush filled with
100mL/min flow of helium for five minutes and then a double needle configuration was
set up on the autosampler. Each sample was dosed with 5 drops of phosphoric acid by the
acid needle and allowed to equilibrate for 91 minutes at 72°C before the sample needle
filled a 100uL loop on the valco valve in the Gas Bench. 10 sequential aliquots of CO,
were introduced to the spectrometer and the first and the last peaks discarded. Average
1C and "®O values of the eight peaks were recorded

The International Atomic Energy Authority standard CO-1 was used to correct
each batch of unknown samples to primary standard values (VPDB for °C and SMOW
for '®0). An internal standard (Cranford dolomite) was run with each batch of samples
and is used as a cross check to monitor machine stability. 239 replicates of Cranford
dolomite run in 20 sample batches from the period between 16.02.05 and 23.02.06 gave a
one SD of 0.06%o for *C and 0.11%o for '*0. These values are consistent with the stated
precision recorded by Thermo for the GasBench II. Four replicates of a Java crust

samples gave a one SD of 0.06%o for °C and 0.11%o for *O.
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4.3.2 In situ techniques

4.3.2.1 Sample preparation

Polished thick sections (150um) of selected basaltic-andesite and inclusion samples from
the 1994 and 1998 block and ash flow deposits were mounted on glass sides of 48 mm x

28 mm.

4.3.2.2 Electron Microprobe (EMP)

Electron microprobe analysis (EMPA) is a non-destructive method for determining the
chemical composition of solid materials and elements from fluorine (Z=9) to uranium
(Z=92). Concentrations as low as 100ppm can be detected. A high-energy focused beam
of electrons is used to generate X-rays characteristic of the elements within a sample.
During wavelength dispersive analysis (WDS), the resulting X-rays are diffracted by
analyzing crystals (TAP, PET, LIF) and counted using gas-flow and sealed proportional
detectors. The intensity of X-rays from standards of a known composition are then
compared with those from the unknown materials to determine their composition. Atomic
number effects (e.g. backscattered electrons), absorption and fluorescence in the sample

are iteratively corrected online.

Major element EMP analyses for this study were carried out using a JEOL JXA-8200
Superprobe at the Geologisk Institute of Copenhagen. A thin (200 angstrom) carbon
coating was applied to selected thick sections (150um) prior to analysis to minimise
charging. Analysis locations were selected using backscatter electron images, allowing
positioning accurate to approximately 1 ym. Samples were analysed for Si, Ti, Al, Fe,

Mg, Ca, Na, K, Mn, Cr, and Ni with Ba and Sr for selected crystals.
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An electron beam current of 15 to 30 nA was used to produce X-rays from the sample. A
count time of 30 seconds off peak and 30 seconds on peak was used in order to increase
counting statistics and reduce uncertainty on analyses. A beam diameter of 2 um was
used and. Na was analysed at the beginning of the sequence to minimise loss. Na counts
were monitored during analysis and remained stable over the measurement time. Relative
analytical precision [(standard deviation/mean) x 100] was < 2% for Si, Al and Ca, < 3%
for Na and K, < 5% for Fe, < 10% for Ti, and < 10% for Mg, based on repeated analysis

of natural and synthetic mineral and glass standards.

4.3.2.3 Micro-drill

Micro sampling of crystal components for analysis of Sr isotope ratios was performed at
the Department of Earth Sciences in Durham using a New Wave Micromill employing
the techniques described by Charlier er al. (2006) and references therein. Analysis
locations were selected using backscatter electron images and a binocular zoom
microscope coupled with a linked computer workstation running specialist software that
integrates the stage, mill and microscope optics and allowed for precise location of the
drill points reproducible to + 1 um. The depth of drill points was controlled by this set up
and vertical movement is accommodated via movement in the microscope head/mill
assembly reproducible to = 1 um. Using tungsten carbide mill bits, multiple shallow
points were milled along discrete zones in selected crystals. The number of drills per
zone depended on Sr ppm content of the feldspar, as a return of 3 ng of Sr was required
for analysis. Milling was carried out under a single drop of Milli-Q deionised water,
which collected drilled sample dust. This slurry was then pipetted from the polished
sample surface using disposable micropipettes and transferred directly to 3.5 mL screw
top Savillex beakers for processing and analysis. Procedural blanks were taken
throughout the process by milling within a water droplet above the surface of the sample
so that no grinding occurs. The blank is then pipetted up and treated in identical fashion
to the samples. After processing, samples were analysed using a Thermo-Finnigan Triton
TIMS at Durham University, with average total procedural blanks between 12 + 8 pg
(20) and multiple analyses of NBS 987 averaging at 0.710261 + 0.000017 (20) (n = 13)
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(within error of the value ¥Sr/*Sr = 0.710248 + 0.000023 20 (n = 427) reported by
Thirlwall, 1991).

4.3.3 Stable and radiogenic Isotope analyse of fumarole gases

High-temperature (> 500° C) fumarole gas samples were taken in July 2002, September
2003, and March 2005 from the Woro fumarole field at Merapi summit. The isotopic
ratios of Co, and He gas samples were measured by M. Zimmer at GFZ Potsdam using a
Finnigan DELTAplusXL continuous flow isotope ratio mass spectrometer and a

Micromass MM5400 noble gas mass spectrometer respectively.
4.3.4 Textural analysis: Crystal Size Distribution (CSD)

Crystal size distribution data are determined from two-dimensional sections through rock
samples in the form of thin sections with later conversion of two-dimensional data into
three-dimensional parameters (Higgins, 2000). Stereology may be used to determine
size, shape and number of crystals in volume of rock based on a 2D section, and may
yield important information regarding crystallisation and solidification processes during

cooling (Higgins, 2000).

Standard thin sections of selected basaltic-andesite samples from the 1998 block and ash
flow deposits were mounted on glass sides of 48 mm x 28 mm. As the samples are
massive and lack any observable fabric, the sections were randomly orientated. The
sections produced were scanned using a medical slide scanner generating high-resolution

(2820 dpi) colour images of the thin section surface.

The scanned images were imported into Adobe Illustrator, and using the layers option,
the different minerals were digitised using the pen tool in separate layers. The outline of
the crystals in thin section was verified with a polarising microscope. The line thickness
was set to 1 pixel width in order to obtain accurate measurement of crystal volume when

using the CSD software. Each mineral was given a different grey-scale fill and kept in
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separate layers for ease of processing. These greyscale images of crystals were analysed
using Imagetool, a downloadable shareware package. The image was calibrated in
millimetres and the greyscale threshold values for each mineral type were defined. Each
peak is selected individually and analysed with the software measuring different
parameters including long-axis length, short-axis length, perimeter, area, elongation,
roundness, major angle orientation, and minor angle orientation. The area of the section is
also measured. This data is exported to an Excel document and an edge correction of 1
pixel (in mm) is added to the raw data prior to input into the CDS package to account for

error associated with the outline thickness.

Further corrections are applied using the CDS corrections (created by Higgins) to account
for cut effect (Sahagian & Proussevitch, 1998) and the intersection effect (Higgins,
1994). An input of section area, crystal shape (based on the aspect ratio between relative
long and short axes of crystals and comparison with graphs by Higgins, 1996), the rock
fabric, and roundness of crystals are also required in order to produce a CSD plot for a
thin section. A plot of crystal size vs. the log of the population density was then produced

from the output data of the CSD corrections software (Figure 4.32).
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4.4 Petrology and geochemistry of inclusions in recent Merapi lavas;

implications for volcanic plumbing in arc settings.

In subduction zone settings, primary mafic magma is generated in the mantle
wedge (Davies & Stevenson, 1992; Sisson & Bronto, 1998). However, as previously
discussed, volcanic rocks in equilibrium with mantle compositions are atypical in
subduction zone settings. Modification of primary melts is therefore significant in arc
magma petrogenesis. Ascent and density filtering of primary arc magmas in the crust
promotes modification of these primary melts by numerous processes, most importantly
crystallisation and crustal contamination, but can also be due to a combination of these
processes and by magma mixing and degassing (Bowen, 1928; De Paolo, 1981; Gill,
1981; Hildreth & Moorbath 1988; Rogers & Hawkesworth, 1989; Davidson & Tepley,
1997; Grove et al., 1998, 2002, 2003; Annen et al., 2006). These processes can be
identified in the resulting whole rock geochemistry of erupted magmas; however, they
are often difficult to discern. Incorporation of crystalline igneous material and fragments
of the surrounding country rock into arc magmas is well documented (Grove et al., 1988;
Renzulli & Santi, 1997; Renzulli et al., 2003; Dungan & Davidson, 2004). By analysing
such inclusions hosted in the erupted magmas, it is possible to gain more direct
information about the sub-volcanic system that feeds these volcanoes, the magmas’ intra-
crustal evolution, and the basement the magmas traverse on ascent.

Crystalline igneous inclusions hosted in lavas provide a means of analysing varied
crystallisation environments or processes. These igneous inclusions in lavas may preserve
distinct records of crystallisation during ascent. Such inclusions have been identified in
previous studies as fractionation residues reflecting crustal processes operating in arc
magmas (Beard, & Borgia, 1989; Heliker, 1995). Comagmatic igneous inclusions may
preserve distinct records of these processes, incompletely preserved, homogenised, and or
blurred in host magma whole rock geochemistry. Individual megacrysts are common in
arc settings and have been identified in previous studies as high-pressure phenocrysts
crystallising from their host magma (cognate), or fragments of coarsely crystalline zones

that crystallised from partially solidified magmas (co-magmatic/co-genetic) over a range
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of pressure and temperature conditions (e.g., Irving, 1974; Irving & Frey, 1984; Bodinier
etal., 1987).

As a decade volcano (Newhall er al., 1994), Merapi has been subject to numerous
studies in recent years. However, the physical and chemical characteristics of the
magmatic system that feeds this volcano remains incompletely understood. Given the
relative geochemical homogeneity of recent lavas (Gertisser & Keller, 2003b) we have
analysed a suite of igneous and meta-sedimentary inclusions as well as local crustal
samples in order to investigate the processes occurring beneath Merapi volcano in more
detail. Petrography, geochemistry and geobarometric calculations based on empirically
and experimentally calibrated published formulations were utilised to assist in
unravelling the petrogenetic history of recent Merapi basaltic-andesites and to gain

insight into the nature of the magmatic plumbing system feeding its volcanism.

4.4.1 Terminology

The terms used to describe the inclusions present in recent Merapi deposits are defined as
follows. The term “xenolith” is used to refer to fragments of thermally metamorphosed
country rock foreign to the magmatic system, in this case, of sedimentary origin. The
term “enclave” is used to refer to cognate igneous inclusions that display liquid and or
chilled contacts with the host magma. “Megacryst” refers to crystals of > 5 mm size, in
this case amphibole which appears to be in disequilibrium with the host basaltic-andesite.
“Plutonic lithic fragments” refer to predominantly medium- to coarsely crystalline
inclusions of igneous origin encased within Merapi lava. These plutonic lithics may
represent: a) a coarsely crystalline portion of currently erupting magma, i.e. cognate; b)
genetically related to the erupting magma but a precursor to current eruptive products i.e.
crystalline fragments of an earlier magma batch or co-magmatic; or c) genetically
unrelated to the magmatic system i.e. xenolithic (sensu lato). These plutonic lithics
typically possess up to 10% glass and patchy groundmass. Volcanic textures such as
vesiculated glass and finely crystalline interstitial groundmass belie the essentially
plutonic nature of these inclusions and are interpreted as a late modification due to

incorporation into an erupting magma. Nomenclature used for discussing the plutonic
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inclusions is after Streckisen (1976) and Le Maitre (1989). The term “felsic” is loosely
used to refer to lithics that are mineralogically dominated by feldspar and the term

“mafic” to refer to lithics that are mineralogically dominated by pyroxene and amphibole.

4.4.2 Petrography and Mineralogy of Xenoliths, Megacrysts and Country Rock

Inclusions of igneous and meta-sedimentary compositions were identified in the 1994 and
1998 block and ash flows and their associated deposits. The deposits are a result of
multiple collapses of the actively growing dome at Merapi during the 1994 and 1998
eruptive events. The inclusions comprise a small percentage of the total deposits
estimated to be approximately 2.5-3 km® for the 1994 event (Abdurachman et al, 2000)
and approximately 2.5-4.3 km’ for the 1998 event (Schwarzkopf et al., 2005). The
samples for this study were collected in 1999. Samples from the1998 eruptive episode
were taken from Jurangero quarry at Kali Putih, an eroded channel approximately 5 km
southwest of the Merapi summit (Figure 4.3). Samples from the 1994 deposits were
collected from Kali Boyong. Inclusions contained in the 1994 and 1998 Merapi deposits
are relatively abundant, and may be classified into four main groups: 1) Group I are
plutonic lithic fragments, 2) Group II are magmatic enclaves, 3) Group III are megacrysts
and 4) Group IV meta-sedimentary xenoliths. Mineral names, structural formulae and
end-members were calculated using Leake et al. (1997) for amphibole and Morimoto et
al. (1988) for pyroxenes, with feldspar nomenclature after Deer et al. (1992). All raw
mineralogical data for minerals analysed are compiled as Excel files in the Electronic

Appendix X on the CD attached.

4.4.2.1 Plutonic Inclusions

The plutonic lithic fragments are typically 5 to 10 cm in diameter, sub-rounded, and may
be subdivided based on modal mineralogy into mafic amphibole- and clinopyroxene-
gabbros and more felsic leucogabbros, anorthosites and diorites (see Figure 4.7 and Table
4.6 for modal mineral abundances and textures). Contact with the host basaltic andesite is

typically quite sharp with alignment of crystals in the host lava along boundaries and a
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concentration of oxides in the rim of the inclusion. However there is no evidence for
chilled margins (Figure 4.7), indicating the inclusions were significantly heated upon
incorporation into the host melt. In some cases, (e.g. 8-P-3, Figure 4.13b) contacts appear
diffuse with infiltration of host andesite into the inclusions. Both sub-groups are typically
medium to coarse grained and holocrystalline. Occasionally, the lithics display
asymmetric, millimetre to centimetre thick, mineral-layering indicative of the action of
crystal settling (Wager & Brown, 1967) and/or In situ growth (Campbell, 1978) (Figure
4.7d). These cumulates may possess up to 10% vesiculated glass or patchy micro-
crystalline groundmass in a framework of plagioclase, pyroxene and amphibole crystals.
This groundmass is interpreted to be a late stage addition due to incorporation into
Merapi host basaltic-andesite magma due to the presence of rounded vesicles and the lack
of re-melting or rounded textures in adjacent plagioclase crystals. Crystals in rare
samples (2 samples) without groundmass or glass show sub-solidus textural re-
equilibration along boundaries between plagioclase crystals (apparent dihedral angles of
approximately 120° eg. Hunter 1987) (Figure 4.7e) indicating these inclusions were fully
crystalline upon incorporation into the host magma. Representative analyses for minerals

in these inclusions are presented in Table 4.7.

Mafic lithics are mineralogically dominated by amphibole and pyroxene with oxides
(titanomagnetite, spinel, ilminite), lesser plagioclase and rare anhedral apatite and titanite
accessory phases occurring between crystal boundaries (Table 4.6). Plagioclase is the
dominant phase in the felsic lithics (Table 4.6) with lesser pyroxene, amphibole, oxides,
and accessory minerals including apatite and titanite. In both sub-groups diopsidic to
augitic clinopyroxenes occur, with Ca-rich clinopyroxene present only in the mafic
inclusions (Wo,,_s¢En,, 4sFs,,,) (Figure 4.8), are anhedral to subhedral, and occasionally
normally zoned. Amphibole is in general present as large laths > 5 mm, which are
dominantly magnesio-hastingsite with some pargasite and hornblende (after Leake et al.,
1997). The amphibole laths often possess perfect cleavage and pronounced reactions rims
populated by oxides and finely crystalline pyroxene and plagioclase. The presence of
appreciable amounts of amphibole in these inclusions indicates a hydrous system, as

water is required to stabilize such hydrous minerals (Meurer & Claeson, 2002).
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Plagioclase crystals are typically zoned, subhedral and exhibit an unusually broad range
in An mol% composition from 4 to 95% (Figure 4.9). The majority of plagioclase crystals
analysed lie in two compositional groups, anorthite (An_,), and labradorite (Ans, _ )
(Figure 4.11). The feldspar population in the felsic inclusions is unimodal, mainly
bytwonite and anorthite. The mafic inclusions have a bimodal range from andesitic to
anorthitic plagioclase (An,,sAbs ¢, Or, ), present as rare zoned crystals 1-5Smm in size,
but more commonly as smaller crystals < lmm. Late feldspar in the groundmass and
infilling cracks of both mafic and felsic inclusions is of a more constrained composition
(Ang, sgAb,, 5,0r, 5 , n = 982) with a limited number of analyses (n = 5, not included
above) falling in the Na-sanidine to anothoclase fields. These compositions appear to be

the result of late crystallisation

4.4.2.2 Magmatic Enclaves

The magmatic enclaves are generally restricted in size, to a few centimetres in diameter
(Figure 4.12), and are most commonly basaltic to basaltic-andesite in composition. They
typically posess elliptical shapes with lobate contacts with the host basaltic-andesite and
often show distinct chilled margins (Figure 4.12a). They are finely crystalline, with small
phenocrysts < Imm of plagioclase and pyroxene (Figure 4.12c) set in a glassy to
microcrystalline matrix, with elongate to acicular plagioclase microcrysts. Diopsidic to
augitic clinopyroxenes (Wo,, ,En,; ,,Fs,,5,) are typically anhedral to subhedral, with
simple zoning and plot within the published range (Gertisser, 2001) of compositions for
Merapi basaltic andesite (Figure 4.8). Hornblende is present in all samples and forms
small laths with strong reaction rims. Plagioclase crystals also form relatively small
elongate laths (Figure 4.12c), normally zoned and form a strongly bimodal population
trend (Figure 4.11c), with crystal rims and micro-crystals <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>