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Abstract

Volcanism is the end product of many complex processes occurring beneath volcanic arcs at subduction
settings. Processes, such as metasomatism of the mantle, partial melting, crystal fractionation and eruption,
can only be inferred from erupted material. Two exceptions are arc terranes and the rare entrainment of
mantle xenoliths. Multiple component xenoliths have been erupted in high K, calc-alkaline andesites on
Batan Island, the Philippines. However literature has only described the peridotite components, not the
amphibole rind or gabbro components. Combining novel and conventional analysis techniques, prior work
has been placed in the context of this composite xenoliths formation. Interestingly, amphibole is a major
mineral phase in the all xenolith components, but non-existent in the host lava. Recent literature uses trace
element abundance in lavas to infer that amphibole fractionation occurs at many arc settings, yet no physical
evidence saw the process occurring (e.g. Davidson et al., 2007). This composite xenolith shows amphibole
forming under both reaction and cumulate conditions, two processes which amphibole may evolve a magma
in arc settings. As such, the evidence shown can be used as a novel analogue to processes occurring in other

arc settings.

Davidson J., Turner S., Handley H., Macpherson C. and Dosseto A., (2007), Amphibole “sponge” in arc
crust?, Geology, 35(9): 787-790.



1. Introduction

Volcanic arc settings not only produce some of Earth’s most compositionally diverse magmatism
and volcanic hazards, they are an important site for crustal destruction and continental regrowth (Rudnick,
1995; Dessimoz et al., 2012). The type of volcanism is a direct result of an evolving mantle wedge and, thus,
the suite of natural hazards affecting communities related to volcanic type will change with time. For
example, basaltic scoria cones (e.g., Tanna Island, Vanuatu) cause flood basalts and are relatively benign.

With time, the basalt produces fertile soils.

Andesitic stratovolcanoes (e.g., the Megata region of Japan) pose differing threats and are the result
of more evolved magmas. ILahars, lava flows, landslides and ash clouds have the potential to cause major
disruptions. Rhyolitic calderas (e.g., Lake Taupo, New Zealand) are the result of highly siliceous magmas.
They produce the most catastrophic destruction when pressures in the magma chamber are suddenly

released. These three different locations are the same tectonic setting producing very different volcanism.

Arc volcanism is the end product of many complex processes including, but not limited to,
metasomatism of the mantle by the subducting plate, partial melting, crystal fractionation and eruption.
Unfortunately, only the very last process can be directly observed leaving the rest to be inferred from lava
chemistry. One exception to this hindrance is the rare (e.g., Nixon, 1987) entrainment of mantle xenoliths
that offer direct sampling of the deeper, sub-volcanic regions. These have often been inferred to represent
analogues of the arc magma source region and hence afford unique insights into the nature of the mantle
peridotite (e.g. fertile versus depleted) and the composition and nature of metasomatic components added

to this peridotite (e.g. aqueous fluids, sediment melts or supercritical fluids).

Hydrous minerals, such as amphibole, are common mineral phases in arc xenoliths and usually occur
as cross cutting veins (e.g. Bénard and Ionov, 2013). Whilst common in crustal nodules found in arc lavas
(e.g. Arculus and Wills, 1980), amphibole is surprisingly rare as a phenocryst phase in arc lavas. In this regard,
there has been much recent debate surrounding the seemingly enigmatic role played by amphibole in arc lava
petrogenesis (Anderson, 1980; Davidson et al., 2007; Ridolfi et al, 2010; Neal, 1988). Nevertheless, Davidson
etal. (2007, 2013) have used rare earth element data to argue for an important role for amphibole in arc lava
petrogenesis and suggested that this mineral may provide a sink for H,O in arc crust. Accordingly, the role
amphibole plays in arc settings has been termed cryptic (Davidson et al., 2007; Smith, 2014) due to the lack

of physical evidence showing a process that crystallizes amphibole.



Batan Island, Philippines, is one of the well-known localities where composite mantle xenoliths have
been entrained in ascending magmas and erupted at the surface. Composite xenoliths entrained in high K,
calc-alkaline andesitic lavas on Batan Island (Sajona et al., 2000) have amphibole in all three components;
peridotite nodule, amphibole rind and amphibole gabbro. Geochemical studies of the peridotite nodules
demonstrates that metasomatism of the mantle beneath Batan was not only recent (e.g. Turner et al., 2012),
but was derived from subducted slab and sediment fluids giving the setting the unique, ‘arc-like’ signature
(Maury et al., 1992; Schiano et al., 1995; Turner et al., 2012; Fourcade et al., 1994; Sajona et al., 2000; Vidal
et al., 1989). Further petrographic studies of the peridotite nodules show grainsize variation and the loss of

a melt fraction (Arai et al., 1996; Aria and Kida, 2000; Arai et al., 2004).

Much of the literature has focused on the peridotite nodules, and only select studies have mentioned
the amphibolite rind and amphibole gabbro (Arai and Kida, 2000; Arai et al., 2004). Accordingly, the full
context behind formation of these composite xenoliths has not been adequately addressed. For example,
whilst the peridotite has a clear mantle origin, it is less clear whether the composite nature of the xenolith is
derived from processes occurring within the mantle wedge or the sub-arc lithosphere. Under what
conditions did the amphibolite and gabbroic rinds form? What, if any, is the relationship of the latter to the
hostlava? Using a carefully selected and representative xenolith from Batan Island, this thesis aims to address
these outstanding questions through a combination of petrographic and geochemical techniques including a
novel Neutron Tomography technique. It will establish the full context of the chosen xenolith history and

contribute to wider questions surrounding the importance of amphibole in arc settings.

2. Literature Review

2.1. Arc Settings and Mantle Xenoliths

Arc settings are sites of frequent earthquakes and volcanism. They are the result of two converging
tectonic plates: one being thrust under the other. The path of subduction can be identified by studying
earthquake focal points, the steepness of which not only varying between locations, but also along a single
arc (e.g. Yang et al,, 1996). This process, ‘subduction,” creates a wedge of mantle which is subjected to partial
melting caused by released fluids from the hydrated subducting slab. Cold tectonic slabs alters the geotherm

and confines the mantle wedge of an arc setting as illustrated in Figure 2.1.
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Figure 2.1: Schematic of arc settings and the mantle wedge. After Wassmann and Stéckhert (2013). DPC- Dissolution Precipitation
Creep. HP- High Pressure. UHP- Ultra HP.

Modern arc settings are clustered primarily on the western Pacific. For example, Kamchatka in
Alaska (e.g. Béneard and Ionov, 2013), the main islands of Japan (e.g. Abe et al., 1998; Takahashi, 1978),
throughout the Philippines (e.g. Defant et al., 1990), South Asia through Papua New Guinea (e.g. Mcinnes
et al., 2001), and from Samoa through the Tonga-Kermadec Arc to New Zealand (e.g. Neal et al., 1988).
Volcanism at these settings is the end result of processes occurring beneath the volcano, within the mantle
wedge. However, only eruptions can be directly observed, and so any process occurring beneath the volcano
is inferred from analyzing microstructure textures and geochemistry of lavas. There are two exceptions. The
first are exhumed arc settings (arc terranes) which can provide valuable insights into the structure of arc
settings (e.g. Le Roux et al., 2014; Imon et al., 2004; El-Rahman et al., 2012), however the majority of these
arc terranes have been rapidly altered when exhumed. The second is the rare (e.g. Nixon, 1987) inclusion of
mantle xenoliths in erupted arc lavas. Mantle xenoliths are a unique opportunity to expand on existing

knowledge regarding arc settings and their processes.



2.2. Stories within Mantle Xenoliths

Mantle xenoliths vary in both chemistry and morphology, suggesting alteration prior to eruption.
This change is referred to as metasomatism. Accordingly, the xenoliths are described as analogues to the
magma source region and processes occurring within the mantle wedge. With this assumption, the chemical
and morphological nature of the xenoliths can be directly used to describe processes within the mantle wedge
and sub-arc lithosphere. For example, Turner et al. (2012), showed a remarkable correlation between Batan
xenoliths and their host lava (Figure 2.2a). Whilst the xenoliths may have been sampled by the ascending
magma and not the actual source of that magma, the striking correlation suggests that the magma source and
xenoliths may be the same. As such, studies combining both geochemical and petrographic investigations

provide the most context surrounding the xenoliths history.

2.2.1. Geochemical trends in xenoliths

Chemical alteration to the mantle with no mineralogical change is defined as cryptic metasomatism.
Cryptic metasomatism is easily defined through incompatible trace element analysis. The pattern no longer
reflects a depleted or primitive mantle reservoir and are normalized to show the clear deviation from these
reservoirs. Figure 2.2b shows how the abundance of trace elements in clinopyroxene from Paua New Guinea
xenoliths have deviated from primitive mantle values (normalized value of 1) and the pattern no longer

represents a depleted mantle signature (e.g. McDonough and Sun, 1995).

Addition of subducted sediment and hydrated slab to the mantle wedge often results in an

enrichment in trace elements not seen in other tectonic settings. Often referred to as an ‘arc signature,’
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Figure 2.2: A series of trace element plots. a) Incompatible trace element plot comparing xenoliths of host lava, MORB normalized
after Turner et al. (2012). b) Incompatible trace element plot of clinopyroxene in xenoliths from Lihir, PNG, normalized to
Primitive Mantle after Grégoire et al. (2001). ¢) REE plot showing a spatial relationship to a phlogopite vein, chondrite normalized
after Vidal et al. (1989).



elevated abundances in fluid mobile elements (e.g. Large Ion Lithophile Elements (LILE) such as Sr, Ba, Rb,
Th, U, and Pb; and REE’s) is defined as a crucial indication of slab derived fluids interactive with the above
mantle wedge (e.g. Grégoire et al., 2001; Franz et al., 2002; Prouteau et al., 2001). Similar enrichments in
trace elements are noted in arc xenoliths from other arc settings (e.g. South Korea, Choi et al., 2005;
Kamchatka, Beneard and Ionov, 2013; Megata Japan, Abe et al., 1998; Solomon Islands, Neal, 1998; Lesser
Antilles, Parkinson et al., 2003). In these instances, there is no physical change in this episode of

metasomatism.

Changes to chemistry are not only limited to such episodes of cryptic metasomatism. Often, a
chemical change is the result of veining. Diffusion of material (Figure 2.2¢c) demonstrates how proximity to
a vein can result in spatial trace element chemistry variation. Whilst the trace element pattern does not
change, the abundance of material increases with proximity to the phlogopite veinlet (refer to Vidal et al.,
1989). Thus, whilst the chemical nature of the xenolith is important, such studies should always accompany

a spatial analysis to provide the fullest context.

2.2.2. Petrographic variations in xenoliths

Physical appearances, from microstructure textures to hand sample morphology, of arc xenoliths are
highly variable. For example, crystal plastic deformation induced by a the stress regime, veining and loss of
a melt fraction are some common features of arc xenoliths which effect the mantle wedge from small to large

scales (e.g. Debari et al., 1987; Ishimaru et al., 2007).

The growth of a new mineral defines a modal metasomatic event. Figure 2.3 shows a variety of
microstructures from Kamchatka (Alaska) xenoliths. Two modal metasomatism events are clearly defined
by veins ‘1’ and 2’ in Figure 2.3a cutting the harzburgite (implied loss of melt fraction). Whilst some veins
cut through crystals, others exploit grain boundaries, such as those in Figure 2.3b linking pockets of much
finer grains. The vein in Figure 2.3c is the same as in Figure 2.3b. The morphology of the vein also provides
valuable information; the exploitation grain defects (e.g. fractures and subgrains) in a non-uniform shape

demonstrates how reaction occurs faster along grain defects (e.g. Ortoleva et al., 1987).

Reaction textures are common in arc xenoliths, and whilst simple petrographic light microscopes can
identify general features of reaction in thin section, backscatter imagery highlights reaction features more
clearly (Figures 2.3d-f). Oftentimes, reactions result in finer grain sizes with ‘embayed’ features and

chemically zoned growth of new mineral (e.g. orthopyroxene in Figure 2.3d). In Figure 2.3e, the secondary



Figure 2.3: Microstructures of Avacha peridotites. a) Plane polarized light (PPL) thin section showing two vein types (refer Bénard
and Tonov, 2013), ol-Olivine, sp-Spinel. b-c) Cross polarized light (XPL) images of harzburgite and spatial nature of Type F (fine
grained) pockets and orthopyroxene veins after Bénard and Ionov (2013). d-f) Backscatter electron micrographs of reaction
features. d) Shows zoned orthopyroxene and embayed, relict spinel and olivine grains in reaction zone from Béneard and Ionov
(2013). ¢) Fluid reacting with orthopyroxene, forming fine grains exploiting grain boundaries after Halama et al. (2009). f) Hydrous
mineral- amphibole- with no crystallographic structure or boundary reacting with orthopyroxene, space change has also occurred
created vugs from Ionov and Seitz (2008).

mineral is the bright clinopyroxene (cpx) exploiting grain boundaries between orthopyroxene (opx) and
olivine (ol). Importantly, on much finer scales, reactions and crystallization of new minerals often results in
density and space changes, either forcing host minerals to crack further, or creating voids (vugs, Figure 2.3f).

As a result of this variation, nearly every suit of xenoliths provides a different story to be told.

2.2.3. Modelled processes causing change in arc xenoliths

Understanding how metasomatism works is vital in deciphering xenolith formation and the wider
scale process. Processes can be directly inferred from the petrographic texture. The mineral textures shown
in Figure 2.3d-f are reaction features, caused by a chemical gradient, and the result of reactive instabilities
(e.g. Ortoleva et al., 1987; Liang and Guo, 2003). A melt reacts with the host rock, dissolving the host and
produces a new mineral and the process continues. The ‘moving boundary’ problem (e.g. Chadam et al.,

1986; Morgan and Liang, 2003) is illustrated in Figure 2.4. The initial dissolution front (2.4a) creates space



which is immediately filled and the reaction continues (2.4b). The process is clearly seen in Figure 2.4c,

exploiting grain boundaries and defects where the movement of material is easiest.

Driving mechanisms for reactive instabilities has been debated in literature. Ortoleva et al. (1987)
defines chemical diffusion within the melt as a driver for stabilization of the reaction, however, Liang and
Guo (2003) show that chemical diffusion in the melt can actually drive dissolution reactions (Figure 2.5).
Diffusion across a dissolution front (2.5a), can either promote stabilization of the reaction by moving material
across the boundary (2.5b), or promote a continuation of the reaction by moving material into the boundary
(2.5¢). Assumedly, the compositional difference between melt and wall rock should determine the movement

of material and subsequent concentration profile.

Whilst reaction instabilities are chemically driven, the tectonic regime provides and extra variable
influencing change to the mantle wedge in arc settings. Commonly referenced in literature is Dissolution
Precipitation Creep (DPC). This process requires both chemical and physical stresses to occur. Arc settings
satisfy these variables (refer to Wassmann and Stéckhert, 2013) and resulting features are most easily defined
in microstructure textures. For example, Figure 2.3d shows the secondary features (orthopyroxene) is zoned
under backscatter imagery. Whilst zoning is a chemical feature, stress related microstructures are also pivotal

in influencing how such processes take effect.

Converging tectonic plates implies a stress regime on arc systems. Stress is released usually through
dislocation textures (e.g. kink bands, undulose extinctions and subgrain formation). Advanced releases in
stress can often result in Crystallographic Preferred Orientation (CPO’s). For example, Ionov, (2010, Avacha
peridotites) found the pockets of finer grains to be the same minerals as those coarse grained, albiet with

slightly less orthopyroxene present. Ionov suggested this texture change was produced by fracturing and
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Figure 2.4: a-b) Schematic showing dissolution and moving boundary in reactive instabilities after Ortoleva et al. (1987). ¢) XPL
photomicrograph as in Figure 3c, note black arrows showing direction of flow as prescribed in Figure 4a-b, after Bénard and Tonov
(2013).



recystallisation of the host induced by the stress regime of the subduction system, rather than a metasomatic
feature. Plausibly, the result of this process are pockets of finer grains and CPO in the mantle wedge (e.g.

Imon et al., 2004; Bail and Trepmann, 2013; Arai and Ishimaru, 2008).

Interestingly, CPO’s have shown to be the result of DPC and not necessarily the result of dislocation
creep (e.g. Bond and den Brok, 2000). Exhumed arc systems (arc terranes) show that DPC deformation is
not wide spread, but localized to the subducting slab- mantle contact (Figure 2.1) and in confined shear zones
acting as fluid pathways (e.g. Gerya and Stockhert, 2002). Evidently, a combination of petrographic and

geochemical studies are required for a complete context behind xenolith history.

a)

—V

Figure 2.5: a schematic showing the effects of concentration profiles across a boundary adapted from Liang and Guo (2003). a)
Diagram showing an imaginary profile across a boundary, with contours showing relative concentration of elemental abundance.
b) Stabilization of the reaction would occur when material is transported across the boundary. c¢) Destabilization and further
reaction would occur when material move into the boundary.

2.3. Batan Island, A Natural Laboratory

Batan Island is one of many volcanic islands located in the Batanes - the northern most point of the
Philippines - lying between the main island of the Philippines and Taiwan. Stretching the length of sea
between Taiwan and the main island of the Philippines is the Luzon arc (Figure 2.6a). The arc has a complex
tectonic history: subduction of an extinct mid-ocean spreading ridge resulted in an eastward shift, and
rotation of the volcanic arc (Figure 2.0a, refer to Yang et al., 1996). Batan Island is at the junction of the two

volcanic chains.

Batan is built by two volcanoes, two of which build the islands topography: Mt Maratem to the south;
and Mt Iraya to the north (Figure 2.6b). Lavas on Batan vary from basaltic to andesitic, with hornblende
occasionally a phenocryst phase in erupted lavas (Sajona et al., 2000, Figure 2.6b). Interestingly, many of the

lavas <2 ma have high K calc-alkaline andesitic signature (e.g. Defant et al., 1990), suggesting the magmatic
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Figure 2.6: a) Tectonic map of Luzon arc showing the Western Volcanic Chain (WVC) and younger Eastern Volcanic Chain
(EVC) with subduction orientations after Yang et al., 1996. b) Simplified geology of Batan Island after Sajona et al., 2000. KEY:
1. Youngest phase volcanics with mantle wedge xenoliths. 2. Pyroclastic flow deposits (2.5-1.7 Ka). 3. Hornblende andesite (1
Ma). 4. Basaltic to andesitic lavas with some pyroclastic flows. 5. Limestone. 6. Maratem volcanics (6.0-1.7 Ma). 7. Oldest
volcanics. 8. Fault lines. 9. Caldera rim.

system beneath Batan is highly evolved and fractionated. Many of the lavas on Batan represent adakites or
transitional adakites, suggesting a strong influence of slab-derived melts (e.g. Maury et al., 1992; McDermott
et al.,, 1993; Schiano et al., 1995). Mt Iraya, is well known for its high frequency of mantle wedge xenoliths
entrained in erupted lavas. The youngest phase of volcanics (McDermott et al., 1993) has a high frequency

of composite mantle xenoliths entrained in the lava, which can be collected in cliffs along Song-Song Bay

(Figure 2.6b).

The peridotite nodules have been heavily studied in literature (e.g. Maury et al., 1992; Schiano et al.,
1995; Turner et al., 2012; Fourcade et al., 1994; Vidal et al., 1989; Arai et al., 1996; Arai and Kida, 2000; Arai
et al., 2004). Defined as a harzburgite (e.g. Arai et al., 1996) the nodules have been strongly influenced by
slab derived melts (e.g. Maury et al., 1992; Schiano et al., 1995; Fourcade et al., 1994; Turner et al., 2012).
Trace element patterns have suggested a high H>O content (e.g. Vidal et al., 1989) whilst isotope systems
(e.g. Sr, Nd and Pb) suggest a high degree of sediment influence (e.g. McDermott et al., 1993; Turner et al.,
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2012). Furthermore, there is a striking correlation in whole rock trace element data between these composite

xenoliths and the host lavas (Figure 2.2a; Turner et al., 2012; Maury et al., 1992).

The mantle wedge under Batan Island also shows similar grainsize variations as those in Figure 2.3b
and described by Ionov (2010) in Avacha peridotites. The grainsize variation was first noted by Arai et al.
(1996), and appropriately characterized the nodules into F-Type (fine) and C-Type (course). Arai et al. (2004)
proposed the change in grainsize was the result of shear zones acting as fluid pathways. Plausibly, this is the
same DPC deformation process as described by Gerya and Stockhert (2002). Although variable in grainsize,
each harzburgite nodule is encompassed by coarse grained, amphibole (e.g. Arai and Kida, 2000; Arai et al.,
2004).

3. Aims of Study

The occurrence of amphibole in these composite xenoliths has only been mentioned in selected
literature (e.g. Arai and Kida, 2000; Arai et al., 2004). Therefore, the full context surrounding the harzburgite
nodules has not been fully addressed. Given this gap in knowledge, this body of work combines petrographic

and geochemical techniques to answer the following questions:

e How did the xenolith form?
e At what Pressure-Temperature (P-T) conditions did the amphibolite and amphibole gabbro form?
e What relationship is there between the three components in P-T space, physically and chemically?

e What is the relationship (if any) between these composite xenoliths and their host lava?

Interestingly, the host lava contains no amphibole, yet the composite xenoliths contain amphiboles
in all three components. There is also a large discrepancy between the occurrence of amphibole in arc
terranes and not in the majority of arc lavas. This is puzzling. Trace element data from erupted arc lavas
has been used to argue for the importance of amphibole in arc lava petrogenesis (e.g. Davidson et al., 2007
and 2013). Appropriately, the importance of amphibole was termed cryptic (e.g. Davidson et al., 2007; Smith,
2014) as no physical evidence showed a relationship between amphibole, melt and host rock. Some literature
has suggested amphibole is a reaction feature within the magma chamber (e.g. Kriigel, 1998). However, since

amphibole does not occur as a phenocryst phase in the host lava that may not be the case.

Since the xenoliths from Batan Island show such interesting features and a possible relationship
between amphibole and the peridotite nodules, this body of work also aims to provide a physical conclusion

to the importance of amphibole in arc lava petrogenesis as suggested by Davidson et al. (2007 and 2013).
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4. Methods

4.1. Petrographic analysis

Preliminary electron backscatter (BS) imaging and Energy Dispersive X-Ray Spectrometry (EDS)
chemical mapping of two thin sections (xenolith and host lava, Appendix 1, Figure 1 and 2 respectively) was
conducted on the Hitachi TM3030 Scanning Electron Microscope (SEM) at the Australian National
Fabrication Facility (ANFF), Australian Hearing Hub, Macquarie University. Instrument conditions were
consistent across the two analysis sessions. Each map was constructed after 60 seconds of analysis with an
accelerating voltage of 15 keV. The elements targeted in both samples were O, C, Si, Mg, Fe, Al, Ca, Na, Ti
and K.

Secondary, higher resolution analyses of the xenolith thin section was conducted on the Zeiss EVO
MA15 SEM, GEMOC, Geochemical Analytical Unit (GAU) at Macquarie University. This SEM has
Cathodoluminescense (CL) imaging, EDS and Electron Backscatter Diffraction (EBSD) capabilities. EBSD
and EDS analyses ran simultaneously. Operating conditions remained the same over multiple analysis
sessions with an accelerating voltage of 15 keV and 3 nA beam current. Working distance ranged from 10
mm to 22.5 mm and the sample was placed on a 70° gradient. The length of analysis was dependent on the
step size and area of the map. Initial analysis was at a step size of 20 um for large scale, fast analysis to
understand what needed to be targeted for higher resolution analysis. Maps constructed during the second
analysis were at 4 pm step sizes, except for CPO of hornblende and anorthite only which had a 10 pm step
size resolution. The elements targeted in the EDS analysis were O, C, Si, Mg, Fe, Al, Ca, Na, Ti, Cr and K.
Post processing was conducted on Channel5 Mambo and Tango software packages were used to resolve

data.

4.2. Elemental analysis

In situ analysis of two thin sections (xenolith and host lava) for major element abundances of
hornblende, plagioclase, clinopyroxene, orthopyroxene and olivine were measured by Wavelength Dispersive
Spectrometry (WDS) using a Cameca SX 100 Electron Microprobe (EMP) at GEMOC, GAU, Macquarie
University. On both occasions, each analysis ran for 5 min 6 sec and the operating conditions did not vary
with a 15 keV accelerating voltage, 20 nA beam current and a beam size of 1-2 pm. The EMP was calibrated

through analysis of natural and synthetic materials. Each analysis point of the sample were selected based on
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petrographic analysis and BSE detector imagery. Visible defects in the mineral, holes and cracks were
avoided. Chemical formulae was calculated from weight percent oxide data (refer to Deer et al., 1992) to

check legitimacy of totals from the analysis.

In situ analysis of the xenolith 60 pm thick thin section for trace element abundances was conducted
using Laser-Ablation Inductively-Coupled-Plasma Mass-Spectrometry (LA-ICP-MS) at GEMOC, GAU,
Macquarie University. Analysis was conducted using a Photon Machines Excite 193 nm Eximer laser
coupled to an Agilent Technologies 7700 Series quadropole ICP-MS. Excimer laser ablation operated at 15
kV over a 50 pm spot size with a Burst Rep Rate of 5 Hz at a fluence of 7.59 j/cm®. A spot size of 40 pm
was used where a 50 pm spot size was too large. The ablated sample transported by an argon carrier gas,
was ionized through an ion plasma, analyzed through the quadrupole mass spectrometer for 30 seconds

time off, 60 sec on background and 120 seconds on sample.

NIST610 glass was used as a calibration standard, and several materials (BHVO-2G and BCR-2G
glasses and NIST610) were used as reference materials to check accuracy and precision. Averaged SiO2 wt.
% data collected on the EMP was used to calibrate unknown points. “Glitter!” software package was used

to correct for instrumental drift and signal filtering.

4.3. Dingo- Neutron Tomography

This novel technique provides 3-dimensional reconstructions, showing physical relationships on the
hand sample scale without further destruction to the sample. The technique - developed at the Australian
Nuclear Science and Technology Organization (ANSTO, Lucas Heights, Sydney) - fires neutrons at a sample.
Density contrasts are directly proportional to the neutron intensity allowed to pass through the sample.
Therefore, an image of the neutron ‘shadow’ can be taken. The sample (Appendix 1, Figure 3) was placed
on a stage which rotates, pausing every 0.02 degrees for sequential neutron shadow images to be taken. A
total of 1859 images were taken. These were rendered in “AVISO” and “VG Studio” for 3-dimensional

constructions.
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5. Results

5.1. General sample description and Neutron Tomography

The development of neutron tomography (NT, Dingo) at ANSTO has made it possible to analyze
the inner morphology of the sample without any further destruction. This is especially important in this
study due to the precious nature of the sample. An important feature of the neutron tomography
reconstructions is the added ability to view the sample in 3 dimensions, and to slice the reconstructed image

similar to a C-T scan.

Each components morphology differs. 3-dimensional reconstructions reveal interesting features
shown in Figure 5.1. Grey scale variations (Figure 5.1b) clearly depict the three components (i.e. peridotite
nodules, hornblendite rind and hornblende gabbro) which has been linked to the photograph in Figure 5.1a.
Several features need to be highlighted. The peridotite components are fragments, suggested on hand sample
(Figure 5.1a) and clearly depicted by slicing a 3D reconstruction in Figure 5.1b and ¢). Peridotite fragments
are always encompassed by a hornblendite rind (between red and yellow dashed lines). Furthermore, the

thickness of hornblendite armors on fragments varies.

Consequently, the hornblende gabbro is never in contact with the peridotite fragments and the

irregularity of fragment orientation has influenced the amoeboid shape of the hornblende gabbro.

5.2. Petrography and quantitative spatial analysis

5.2.1. Peridotite fragments.

The peridotite fragments have interesting microstructures. Fragments have an unusual mineral
assemblage: olivine (78%), clinopyroxene (8%), hornblende (7%), orthopyroxene (6%), spinel (~1%) and
glass (<1%). Coarse grained olivine microstructures show crystal plastic deformation as undulose extinctions,
kink bands and subgrain formation (Figure 5.2a and c¢). Among the deformed olivine are pockets of much
finer grainsizes and single grained “veinlets” (Figure 5.2c-d). The term ‘veinlet’ is used here as the vein is

not a typical fracture-fill propogation of a vein, rather the fluid is confined to pre-existing defects in olivine.
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Figure 5.1: The power of rock C-T scanning. a) Photograph of the hand sample imaged in DINGO with an AUD 50c piece for
scale. Blue arrows point to corresponding components in (b). Darkest colours are plagioclase, lightest are hornblende. Peridotite
fragments are the middle ground. Red dashed line denotes the boundary between gabbro and hornblendite. Yellow dashed line
denotes boundary between peridotite and hornblendite. ¢) A representative sequence of xenolith slices, where ‘t’ is an arbitrary
measure of slicing along the xenolith reconstruction.

Importantly, the fine grained pockets (5.2a) have a much higher modal proportion of hornblende,

clinopyroxene and spinel. Furthermore, spinel has the smallest grainsize and is often associated with the
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Figure 5.2: petrographic relationships within the peridotite fragments. a) XPL image showing crystal lattice defects in undulose
extinction and kind bands within olivine (ol) as well as a fine grain pocket (reaction zone) with hornblende (hbl) clinopyroxene
(cpx) and some spinel (sp). b) XPL image showing a fluid inclusion trail (mostly orthopyroxene) to the right and olivine subgrains
to the left. c-d) PPL images of single grain hornblende-clinopyroxene veinlets. ¢) Note how hornblende encapsulates olivine
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subgrains. d) Shows the form of an incipient ‘veinlet’ infiltrating through olivine. e-f) BSE images at higher resolution than
photomicrographs. ) Fine grained spinel are inclusions in hornblende. Olivine is easily identified by the ‘dirty’ texture as a result
of crystal lattice dislocations. f) In olivine, spinel is usually associated with clinopyroxene and orthopyroxene. Glass (gl) inclusions
are also present (as described in Schiano et al, 1995). Glass inclusions are also found at the junction between olivine and
orthopyroxene.

lattice defect free hornblende (5.2¢). Importantly, clinopyroxene also exhibits a lack of crystal plastic
deformation. Thus, hornblende and clinopyroxene must have crystallized after crystal lattice deformation

had occurred in the olivine and a secondary feature to the fragments.

The single grained veinlets (Figure 5.2c-d) are not typical fluid filled fractures. Both clinopyroxene
and hornblende create sublinear features across fragments infiltrating along defects in the olivine (Figure
5.2¢) and around subgrains (Figure 5.2d). Like in the fine grained pockets, clinopyroxene and hornblende
exhibit a lack of crystal plastic deformation. Interestingly, adjacent olivine tends to share the same lack of

dislocation features (Figure 5.2c).

5.2.2. Hornblendite rind and melt-rock reaction.

The hornblende rind is an interesting feature of these xenoliths and importantly, the rind varies on
microstructure scale. The neutron tomography 3 dimensional reconstructions explicitly show that every
fragment is encompassed by hornblende (5.1b and c¢). Figure 5.1b not only shows thin hornblendite
separating the fragments from the gabbro (top right), but there is also a large section of hornblendite

surrounding a very small fragment (bottom left).

In a single thin section, hornblendite microstructures vary dramatically (Figure 5.3). These
microstructures show the hornblendite crystallized rapidly and aggressively. Firstly consider the grainsize
difference in the hornblende between Figures 5.3a and e. The coarse grained hornblendite has decussate
textures and euhedral growth (b). Decussate textures are an energy efficient method of crystal growth.
Conversely, the embayed nature of the peridotite-hornblendite contact (c) and high frequency of inclusions
and lack of crystal form (d) suggests a very fast rate of crystallization. Furthermore, the relict olivine (d)

suggests the reaction is engulfing the fragments as well.
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FIGURE 5.3: Photomicrographs of hornblendite features. a) PPL image of coarse grained hornblendite. ‘Fragment” refers to
peridotite component. b) PPL image showing euhedral, decussate features (white dashed line) in hornblende (hbl), and plagioclase
(feld) inclusions. c¢) PPL image showing embayed nature of hornblendite-fragment contact. d) XPL image showing sub-euhedral,
very large hornblende with plagioclase (feld) and olivine (ol) inclusions. e) PPL image of fine grained hornblendite separating
gabbro and fragment. f) PPL image zoomed in on fine grained hornblendite showing 120 triple junctions and no inclusions.
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Figure 5.4: EBSD images showing infiltration relationships between hornblende, clinopyroxene and olivine. a) PPL image showing location of EBSD maps in (b) and (c). b)
Mineral phase map at the peridotite fragment-hornblendite contact. Three locations for olivine (ol) and hornblende (hbl) point to a particular 3-d prism illustrating crystal

orientation. In this case, all three for both minerals have the same orientation. b) Mineral phase map along a single grain veinlet. Clinopyroxene (cpx) and hornblende have
very similar crystal orientations.



Contrast the high frequency of inclusions in (d) and decussate textures in (b) with the total lack of
these features in the finer-grained hornblendite separating fragments with gabbro (e). Importantly, the
identification of 120° triple junction (red ellipses, Figure 5.3f) are typical annealing microstructures,

suggesting this part of the rind was kept hot for longer.

It is crucial to realize that whilst the microstructures are different, the contact relationship between
peridotite fragment and hornblendite remain the same across Figure 5.3a and e. This similarity suggest that

factors external to the melt-peridotite relationship are the result of the grainsize variation.

EBSD has been used to define the physical relationship between hornblende and peridotite
fragments. Figure 5.3c and e clearly show the embayed contact on a thin section scale. However, the higher
resolution EBSD results in Figure 5.4 show the relationship in greater detail. Crucially, the relationship
between hornblende and olivine is the same regardless of position (i.e. at the hornblendite-peridotite contact
or as a single grain veinlet (Figure 5.4b and c respectively). Clearly, both insets show the melt exploiting
crystal defects in olivine. Importantly, two subgrains and the main body of olivine have identical crustal
orientations. Furthermore, three hornblende grains also sharre the same crystallographic orientation
demonstrating how these hornblende grains could be one grain in 3 dimensions. Interestingly, adjacent
clinopyroxene and hornblende (Figure 5.4c) also have the same crystallographic orientation. This

demonstrates simultaneous growth.

5.2.3. Hornblende Gabbro

The hornblende gabbro has a much finer grainsize, is never in contact with the peridotite fragments
and the amoeboid structure looks to be influenced by the sporadic spatial nature of the peridotite fragments
(Figure 5.1). Microstructures (Figure 5.5) are also completely different to the peridotite fragments and

hornblende rind.

A crystallographic preferred orientation is defined in both 100 and 010 axis for Hbl and anorthite
(Figure 5.5¢). Furthermore, the same 120° triple junctions in the smaller hornblendite (Figure 5.3f) are more

prevalent in the gabbro (red ellipses in Figure 5.5b).
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d) EBSD mineral phase map crossing both contacts.



The contact between the gabbro and hornblendite rind demonstrates a different relationship to the
peridotite — hornblendite rind contact. Anorthite and hornblende do not exploit grain boundaries and
defects in this contact as hornblende and clinopyroxene does at the fragment — hornblendite rind contact.

Instead, the contact is defined by interlocking textures (Figure 5.4d).

5.3. Composite Xenolith- Mineral Chemistry

5.3.1. Major element concentrations

Major element concentrations and calculated structural formula for representative mineral phases in

the composite xenolith are presented in Appendix 2, Tables 1-5.

Structural formulae of hornblendes categorise them as pargasitic compositions (Leake et al., 1997;
Appendix 2, Table 1). Hornblendes are very calcic (11.63-12.46 wt. % ox.) with TiO, Mgy, K and Na (apfu)
concentrations varying relative to which component of the xenolith the hornblende grain lies (Figure 5.6a
and b). As such, TiO; content decreases when the Mgx of hornblende increases in a linear fashion (Figure
5.62). Similar trends are seen with variation in relative proportions of K and Na against TiO, (Figure 5.6b).
Partitioning of K and Na has stemmed from a point (red). Importantly, the hornblendes within the gabbro
(red) are completely separate to those within the peridotite fragments (black). Variation related to position
in the composite xenolith is also seen in Cr. Although, commonly below detection limits in hornblendes
from the gabbro and hornblendite, Cr is found in hornblendes within peridotite fragments (e.g. 0.822 wt. %
ox., Table 5.1), especially those with engulfing spinel within reaction zones. Importantly, hornblendes major

element variation in the peridotite can be traced to a particular point (composition of hornblende in the

gabbro).

Representative analyses of olivine is presented in Appendix 2, Table 2. Olivine is Fe rich forsterite
with Fox ranging from Forss17. Interestingly, there are two populations of Foss (Figure 5.6¢). Slightly
higher Fos numbers were found in olivines from the second peridotite fragment in thin section (Appendix 1
Figure 1). Both MnO and NiO show considerable variation (0.40-0.44 and 0.19-0.30 wt. % ox. Respectively).
However, neither show any correlation with Mgy The melt inclusions in olivine (Figure 5.2f) are adakitic
(Schiano et al., 1995) and major element chemistry is presented in Appendix 2, Table 6. Si and Al rich (~64
and ~19 wt. % ox. respectively), the melt inclusions are alkali rich with NaO, (5.31-5.65 %), CaO, (4.01-4.24
%) and, K,O (3.91-3.96 %), importantly, in high abundance.
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Figure 5.6: Major element plots showing significant spatial trends. a) Mg# (Mg# = atomic number Mg*100/ (Mg + Fe (t)) vs TiO2
content for hornblende (hbl) within the xenolith. Black points are hornblende grains within peridotite fragments, red points are

hornblendes within the gabbro component. b) Relative proportions of K to Na vs TiOz content in hornblende from the xenolith.

“apfu” is atoms per unit formula. Coloured points as in (a). ¢) MgO vs FeO for olivine from the xenolith. d) Mg# against TiO2

for clinopyroxene (cpx) from the xenolith. ¢) Ti (apfu) against Mg# for clinopyroxene from both xenolith and host andesite. f)

Ca (apfu) against Mg# for clinopyroxene and orthopyroxene (opx) in both xenolith and host andesite.
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Figure 5.7: a) End-member ternary for pyroxene. Diamonds are clinopyroxene, crosses are orthopyroxene. Black points refer to
pyroxenes from the xenolith, red from the host lava. b): Plagioclase An-Ab-Or ternaty plot. Plagioclase from the xenolith are
plotted as green crossed, from the host andesite as red triangles.

Representative analyses for both clinopyroxene and orthopyroxene from the peridotite fragments is
presented in Appendix 2 Table 3. Clinopyroxene is very calcic (diopsidic, Morimoto et al., 1989) and seldom
varies (Figure 5.7a). However, Mgx and TiO, contents do. The Mgy of clinopyroxene shows an interesting

trend relative to TiO, (Figure 5.6d). Higher concentrations of TiO, (0.39-0.55 %) were found in
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clinopyroxene grains within single grained veinlets in the peridotite fragments, whilst those with lowest TiO»

(~0.1%) had higher Mg#’s and were adjacent to orthopyroxene and spinel.

Orthopyroxene is enstatitic (Figure 5.7a) and does not show the same variations relative to its’
neighbour as clinopyroxene does (e.g. Orthopyroxene adjacent to clinopyroxene or glass within olivine).
Respectable concentrations of ALO; (0.55-1.11 %) and MnO (0.36-0.40 %) show no relative trend, either

spatially or chemically.

Representative analyses of plagioclase is presented in Appendix 2 Table 5. Plagioclase is a mineral
phase is found only sporadically in the hornblendite and within the hornblende gabbro. Structural formulae
and relative Ca-Na-K contents categories plagioclase from both components of the xenolith as anorthite.
Importantly, plagioclase is never in contact with the peridotite. Highly calcic, plagioclase Any range between
Ang 1038 (Figure 5.7b). No noteworthy variation in major element abundances is seen between plagioclase

from the gabbro or hornblendite.

5.3.2. Trace element abundances

Representative trace element abundances for the major mineral phases are shown in Appendix 3,
Table 1. REE abundances for the five mineral phases (Figure 5.8a), deviate from a primitive mantle signature

(e.g. McDonough and Sun, 1995).

Trace element signatures of the main mineral phases are shown in Figure 5.8a. Whilst olivine shows
the greatest variation in trace element signature, olivine without any association with secondary minerals (e.g.
hornblende and clinopyroxene) is enriched in LREE’s and depleted in HREE’s. Suspiciously, the extended
trace element signature of olivine is mirrors whole rock trace element data of the host andesite (Figure 5.8d).
Conversely, orthopyroxene are depleted in LREE’s and enriched in HREE’s. Metasomatic minerals show a
very different trace element signature to olivine and orthopyroxene. A standout difference is the REE
pattern of plagioclase. Positive anomalies in Sr and Eu are common with higher partition coefficients into

plagioclase.

If experimental partition coefficients (e.g Adam and Green, 2000), of trace elements into minerals is
representative of what occurs naturally, then the inverse of the partition coefficient can be applied to

measured trace element abundances to calculate the equilibrium melt composition. With this assumption,
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Figure 5.8: Primitive mantle normalized (McDonough and Sun, 1995) of single point analyses. a) REE + Y plot for the 5 major
silicate mineral phases in the xenolith. b) Equilibrium melt composition plotted against whole rock trace element signature of the
host andesite (from Turner et al.,, 2012). ¢) Equilibrium melt composition of clinopyroxene and hornblende against the host
andesite. d) trace element signature of olivine and host andesite against the equilibrium melt composition of orthopyroxene. To
calculate equilibrium melt composition, see text. Sample names (e.g. BIX-0l-03) refers to sample (BIX- Batan Island Xenolith),
mineral (ol- Olivine, hbl- hornblende, pl-plagioclase, opx-orthopyroxene, cpx- clinopyroxene), ‘Inverted” implies the equilibrium
melt of that particular analysis.

the following equation has been applied to calculate the equilibrium melt compositions shown in Figure 5.8b-
d. Importantly, partition coefficients vary between minerals, as such, care needs to be taken to apply the

inverse partition coefficient of the same mineral.

1

Initial compositionXIXmmmlx ;{
d

Where X, in ppm multiplied by the inverse of the partition coefficient (K,) as defined by Adam
and Green (2006) for that particular mineral will give the In:tial compositionx in ppm. These values have been
normalized to Primitive Mantle (McDonough and Sun, 1995). This is a powerful tool because it implies that

calculation of the melt responsible to the hornblendite rind and hornblende gabbro formation is possible.
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Figure 5.9: Locations of laser ablation pits linked to the extended trace element plot. Normalized to PM (McDonough and Sun, 1995). Analysis names are as in Figure 5.8.



Intriguingly, equilibrium melt compositions of hornblende from all xenolith components have the
same signature (Figure 5.8a). Furthermore, aside from negative Rb and Pb anomalies, the sighature mirrors
the whole rock trace element signature of the host andesite. Interestingly, the equilibrium melt composition
of clinopyroxene mirrors the hornblende equilibrium melt signature (Figure 5.8¢c), as does orthopyroxene
(Figure 5.8d). The Pb anomalies in clinopyroxene and orthopyroxene are completely inverted relative to

each other. When the same method was applied to olivine, there was no correlation.

Trace element signatures of hornblende does not show significant variation relative to which
component of the xenolith the hornblende grain is, which is unlike the major element concentrations. Figure
5.9 shows the lack of variation clearly. Consistently, negative anomalies are seen in Rb, Th, U, K, Pb and Zr

with positive anomalies in Ba and Nb.

5.4. Host Lava

5.4.1. Host Lava- petrography

The lava hosting the composite xenoliths is a pyroclastic calc-alkaline andesite (Sajona et al., 2000).
The main mineral phases, plagioclase (36%), clinopyroxene (13%), orthopyroxene (<1%) and magnetite

(<1%), are held within a glass matrix (51%).

Petrographic textures are shown in Figure 5.10. Figure 5.10a shows that the host andesite is a crystal
rich, 2-pyroxene plagioclase pyroclastic deposit. Phenocrysts range in size and shape, many of which are
broken. The andesite is quite vesicular, and much of the magnetite occurs within clinopyroxene phenocrysts

(Figure 5.10b and c).

The andesite has had many recharge events and condition changes recorded in the phenocrysts.
Resorption textures are seen in few large clinopyroxene phenocrysts (Figure 10e) and variably in plagioclase
phenocrysts (Figure 5.10a and ¢). Many of the plagioclase phenocrysts have spongy cores with skeletal
overgrowth (Figure 5.10 ¢ “feld”). Interestingly, the location of the spongy texture is within the phenocryst
varies. Furthermore, plagioclase phenocrysts records multiple magma recharge events seen in oscillatory

zoning and inclusions forming rings along crystal growth planes (Figure 510f).
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Figure 5.10: petrographic textures of the host andesite. a) PPL image showing variability of crystal form and size. b) BSE image
of figure (a), magnetite is more easily identified. ¢) PPL image showing feldspar with spongy cores and skeletal overgrowth, as
well as euhedral clinopyroxene with an orthopyroxene core. d) BSE image of the pyroxene phenoctyst in (c). ¢) XPL image of a
large clinopyroxene phenocryst with a relict resorbed core and skeletal overgrowth. f) BSE image of a plagioclase phenocryst with

oscillatory zones highlighted.




Interestingly, the host andesite may have originally orthopyroxene saturated. None of the
phenocrysts edges are orthopyroxene, and many of the euhedral clinopyroxene phenocrysts contain
orthopyroxene cores (Figure 5.10c). The only occurrence of orthopyroxene in contact with the matrix is

when the crystal have been broken during eruption.

Whilst the host andesite was plagioclase and 2-pyroxene saturated, it was never amphibole saturated.
There are no phenocrysts of amphibole and no phenocrysts with amphibole cores overgrown by a mineral

in equilibrium with the magma conditions.

5.4.2. Host Lava- major element chemistry

Representative analysis of major element point analyses of three mineral phases are the glass matrix

are shown in Appendix 1, Tables 4 and 5.

Clinopyroxene is an augite composition (e.g. Morimoto et al., 1989) and highly variable (Figure 5.6e
and f). Clinopyroxene Mgy varies greatly (Mggs1.77.87) with no trend to this variation within individual
clinopyroxene grains (i.e. core to rim) or with Ti (Figure 5.6e) which also shows variation (0.41-0.59 TiO,).
However, there is a negative linear relationship between Mgy and Ca (Figure 5.6f), which varies considerably
(18.62- 21.03 CaO). Importantly, clinopyroxene in the host andesite is chemically different to the

clinopyroxene in the peridotite fragments.

Orthopyroxene in the host andesite is enstatitic (Morimoto et al., 1989). Compositions may vary,
however few phenocrysts made analysis difficult. From the data collected, orthopyroxene in the host
andesite has a much lower Mgy (Mgri7) and higher ALOs (1.58 %) and MnO (0.48 %) compared to

orthopyroxene from the peridotite fragments (Figure 5.6f).

Plagioclase phenocrysts in the host lava show much more major element variation than plagioclase
in the composite xenolith. This variation is clearly represented in Figure 5.7b, as relative Ca-Na-K
concentrations categorize the plagioclase as bytownite - labradorite in composition. Plagioclase is less calcic
than anorthite feldspars from the xenolith, with Any range from Aneros70s. Variation is seen both between
grains and within individual grains as well. Ang from core to rim vary from Ansgse>s7.01>70.15. The variation

in plagioclase phenocrysts is an order of magnitude larger than plagioclase within the xenolith.

The host matrix melt compositions are presented in Appendix 2, Table 6. The host andesite is not

as silica rich as the melt inclusions within olivine. However, the matrix is more FeO (4.02%), Al,O; (20.29)
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and CaO (8.37) rich. There is still a strong alkali influence with high concentrations of Na,O (4.83%) and
K20 (1.15%).

0. Interpretation

6.1. Significance of textural relationships in the xenolith

Petrographic and quantitative spatial analysis has been used to infer a four stage, relative geological
history of the xenolith. A combined use of light microscopy, SEM EBSD and NT- Dingo analyses were

needed to completely resolve each stage.

0.1.1. Stage 1- Deformed harzburgite.

The oldest component of the xenolith are the harzburgite fragments. They are numerous, irregularly
shaped forming a large proportion of the xenolith (Figure5.1b and c- DINGO). The mineral assemblage
within the fragments consists of olivine (~89%) and orthopyroxene (~11%) £ spinel. Olivine and
orthopyroxene are the only phases that show significant internal deformation (Figure 5.2a and b). In contrast,

the clinopyroxene and hornblende show no significant or systematic crystal plastic deformation.

Deformation features include undulose extinctions, kind bands (XPL, Figure 5.2) and sub-grain
boundaries (EBSD, Figure 5.4). These are typical of crystal plastic deformation at high temperatures and
medium strain rates, and commonly identified in mantle xenoliths from arc settings (e.g. Ionov, 2010;
Ishimaru et al., 2007). They are dissimilar to the Ultra High Pressure (UHP) deformation experienced at the
slab-mantle wedge boundary (e.g. Stéckhert and Wassman, 2013) or in shear zones (e.g. Bail and Trepmann,

2013), due to a lack of well-defined crystallographic preferred orientations or mylonitic grainsizes.

6.1.2. Stage 2- The reaction assemblage

The morphology of harzburgite nodules suggest the mantle wedge was brittle, and subsequently
fractured, entrained by, and reacted with, a melt. Melt influx induced hydro-fracturing, and reaction occurred
along the edges of the harzburgite fragments. NT3-Dimensional reconstructions give a strikingly clear

indication that the nodules are completely encompassed by hornblendite in every case (Figure 5.1b and c).

31



Regardless of the hornblendite thickness, the harzburgite nodules are never in contact with the hornblende

gabbro.

Hornblende and clinopyroxene are the mineral assemblage representing the melt-rock reaction. The
textural relationship between clinopyroxene, hornblende and olivine are the same infiltration relationships at
the peridotite-hornblendite contact (e.g. Figure 5.3a and c), and at the contact between single grain veinlets
within the peridotite (Figure 5.2c and d). Regardless of locality, clinopyroxene and hornblende exploit the
crystal lattice defects of olivine (Figure 5.4). Matching crystallographic orientations of olivine, and two relict
olivines (Figure 5.4b) demonstrate that the propagation of hornblende encompassed multiple subgrains of
olivine (e.g. Figure 5.2c). Furthermore, since adjacent clinopyroxene and hornblende occasionally have the
same crystallographic orientation (Figure 5.4c), growth of the minerals were simultaneous and part of the

same reaction:
Magma + Olivine = Amphibole £ Clinopyroxene.

This reaction driven, dissolution precipitation is similar to the process described by Ortoleva et al.
(1987) and Szymczak and Ladd (2014). Figure 5.4b shows an incipient propagation of hornblende (point 4),
thickening of a branch of hornblende (point 6) and the main body of hornblende (point 5) with matching
crystallographic orientations. Thus because of this, the assumption is these three points link in a 3"
dimension to be one larger hornblende crystal. Accordingly, growth occurs fastest along the defects (point
4), which then propagates into the olivine perpendicular to the defect (point 6), and eventually encapsulates
an olivine sub-grain (e.g. points 1 and 2). At one end of hornblende, growth is euhedral, at the other end,

growth is defined by crystal lattice defects of olivine.

6.1.3. Stage 3- The hornblende gabbro.

The hornblendite and hornblende gabbro components of the xenoliths are in equilibrium with each
other. The contact between the hornblendite and hornblende gabbro is defined by crystal shape and
interlocking textures (Figure 5.5d). Thus demonstrates that crystallization of the anorthite in the gabbro was
simultaneous at some stage of hornblende growth along the rim. Importantly, this is completely different to

the infiltration relationship between olivine, hornblende and clinopyroxene (e.g. Figure 5.4).

Movement is shown by two petrographic features. Firstly, no particular harzburgite fragment has a
preferred orientation relative to other fragments, suggesting they must have been rotated. This implies

movement after fracturing (Figure 5.1b and c). Secondly, the finer grained hornblende gabbro (e.g. Figure
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5.52) also shows a flow texture. The gabbro must have been a crystalline mush as movement occurred as
preferred orientations are found in axis 100 and 010 of hornblende and anorthite respectively (Figure 5.5¢).
Furthermore, the shape preferred orientation coexists with a lack of crystal plastic deformation (Figure 5.5¢).
Accordingly, the finer grainsize of the gabbro was not formed by sub-grain formation, but rather a high
nucleation rate generated by flow. Since the melt was not able to react with olivine, crystallization of

hornblende and anorthite must follow the following equation:
Magma = Hornblende + Anorthite.

Intriguingly, a particular textural feature in the gabbro not only suggests the melt entraining the
harzburgite fragments stalled before moving as a composite. Annealing textures (e.g. 120°triple junctions)
are commonly found in the gabbro (Figure 5.5b). This suggests the anorthite was able to equilibrate with

the hornblende. Importantly, the 120°%junctions are not deformed, suggesting annealing after the fluid stalled.

6.2.4. Stage 4- Host magma

The magma containing the xenoliths is an evolved, high K| calc-alkaline andesite (e.g. Arai et al.,
1996; Sajona et al., 2000). Oscillatory zoning in plagioclase records many episodes of magma recharge (Figure
5.11d), suggesting an open system. Identification of spongy cores (i.e. re-sorption features) in some
plagioclase crystals, and skeletal overgrowth, suggests the magma went through a decompression phase
(Figure 5.6e). There was a point when the magma composition changed from orthopyroxene saturation to
clinopyroxene saturation, as shown by the frequent orthopyroxene cores in clinopyroxene phenocrysts

(Figure 5.6¢).

Importantly, there is a lack of amphibole in the host lava, and textures in plagioclase from the host
andesite differ from plagioclase in the gabbro. This, and the crystallographic preferred orientation of the
plagioclase and hornblende (Figure 5.5¢), suggests a separate magma sampled the composite. Importantly,
the lack of breakdown features in hornblende (e.g. Rutherford and Hill, 1993) suggests eruption must have

occurred rapidly after sampling of the conduit occurred.
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6.2.5. Petrographic interpretation.

The multicomponent xenolith was formed as a result of the following sequence of events. The
harzburgite - undergoing crystal plastic deformation - was brittle enough for an ascending melt to cause

fracturing. Subsequently, a melt-rock reaction forming hornblendite rinds at the expense of olivine:
Melt + Olivine = Hornblende + Clinopyroxene

The rind armors the fragments and slowing the dissolution — precipitation reaction. With the melt

unable to react continue to react with olivine, crystallization of a cumulate gabbro followed:
Melt = Hornblende + Anorthite

resulting in a crystalline mush. Movement of this mush allowed the imprint of a shape preferred
orientation and stalling of the magma allowed for plagioclase to equilibrate with amphibole (hence the 120°
triple junctions). However equilibration of olivine did not occur. The result is harzburgite fragments always
encompassed by a coarse grained hornblendite and then hornblende gabbro. Subsequently, a separate

magma batch entrained the composite xenolith and ascended to a shallower andesitic magma chamber.

6.2. Geothermometry- further constraining physical conditions of origin

A number of experimentally derived geothermometers and geobarometers have been applied in order
to constrain the P-T conditions under which the various components of the composite xenolith and its host

lava formed.

6.2.1. P-T constraints for the peridotite fragments

As illustrated in Figure 6.1, a number of thermometers using adjacent clinopyroxene-orthopyroxene
pairs suggest the peridotite fragments last equilibrated at temperatures of ~900-950 °C. This is comparable
to the ~920°C melt inclusion entrapment temperatures suggested by Schiano et al. (1995). Similar
temperatures were suggested by Arai et al. (2004) based on two-pyroxene thermobarometry (950-990 °C
using the thermometer of Wells (1977) or ~100 °C higher using the Wood and Banno (1973) thermometer).
A pressure constraint of 0.49-0.53 GPa was obtained using Eqn 39 of Putirka (2008) and this is significantly
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lower than the 1 GPa estimate of Arai et al. (2004) based on the coexistence of anorthite and olivine.
However, this study has shown that anorthite is never found in contact with the harzburgite fragments
(Figure 5.1b). Whilst the minerals in the fragments have a high Fe content and thermal re-equilibration may
have occurred, a caveat to the calculations summarized in Figure 6.1, is that much of the clinopyroxene is
secondary due to reaction between the harzburgite and sampling melt (Figure 5.4). Furthermore, K4 values

between the pyroxene pairs suggest that they are not in equilibrium.

6.2.2. P-T conditions for the hornblendite rind.

There are two geothermometers that can be applied to the hornblendite rind: the formulation of
Ridolfi et al. (2010); and the amphibole-plagioclase thermometer of Holland and Blundy (1994). The Ridolfi
et al. (2010) geothermometer calculates crystallization at ~1000-1040 °C at 0.47-0.59 GPa (Figure 6.1a and
b). Interestingly, this is slightly higher than temperatures calculated for the harzburgite fragments with much

lower pressures than suggested by Arai et al. (2004). Assuming the pressure range of 0.47-0.59 GPa,
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Figure 6.1: Box plot of P-T conditions for harzburgite fragments, hornblendite rind and hornblende gabbro. a) Calculated
temperatures. Harzburgite temperatures calculated using 2-pyroxene thermometry, Eqn 36 and 37 from Putirka (2008). BK, 90
is Brey and Kohler (1990). NB, 84 is based on Mg abundance from Nickel and Brey (1984). Hornblendite rind and hornblende
gabbro thermometry was calculated using Ridolfi et al. (2010) and Thermometer 2, Holland and Blundy (1994). Melt inclusion
entrapment temperatures are ~920 °C (Schiano et al., 1995). b) Calculated pressute conditions. Hatzburgite fragments using 2-
pyroxene barometer from Putirka (2008). The hornblendite rind and hornblende gabbro pressures were calculated using Ridolfi

et al. (2010).
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plagioclase-amphibole pair thermometry calculates a temperature range of ~940-990 °C using Thermometer
2, Holland and Blundy (1994) (Figure 61a and b). Although major element variation in hornblende is due to
melt-rock dissolution precipitation reactions, an interesting comparison between components can be made

when the same thermometers are applied to the hornblende gabbro, which is not effected by reaction.

6.2.3. P-T constraints for the hornblende gabbro.

When applied to the gabbro, the formulation of Ridolfi et al. (2010) suggests temperatures of ~1020-
1030 °C at 0.52-0.55 GPa (Figure 6.1a and b). This overlaps those obtained for the hornblendite.
Interestingly, amphibole-plagioclase calculations (Holland and Blundy, 1994) suggest that the crystallization

temperatures of the gabbro were slightly higher than the hornblendite rind (see Fig. 6.1a).

6.2.4. P-T constrains for the host lava.

Thermobarometry of the host lava is illustrated in Figure 6.2. Calculated clinopyroxene-glass
temperatures are ~1050-1150 °C (Figure 6.2a), which is comparable to the Lindsley, (1983) 5 kbar 1000-1100
°C contours (Figure 6.2c). These temperatures are comparable to experimental estimates of eruption
temperatures of Japanese andesites similar to the host andesite (Sekine et al., 1979). Sisson and Grove (1993),
show low MgO (<5 wt.%) and high Al basaltic andesites, like the host andesite, erupt at similar temperatures
(~1100 °C). Whilst caution needs to be taken with the small variation, multiple thermometers consistently
calculate higher temperatures then those calculate for the hornblendite and hornblende gabbro. Importantly,

these temperatures are also the upper limit of amphibole stability (e.g. Green, 1992).

Clinopyroxene-glass barometry (e.g. Putirka, 2008) records pressure conditions (0.22-0.38 GPa,
Figure 6.2b) immediately before eruption. Interestingly, host lava matrix liquid equilibria sits relatively close

to the low pressure cotectic (Figure 6.2d).

6.2.5. P-T interpretation.

The P-T conditions at which the harzburgite last equilibrated were ~ 900-950 °C at 0.5 GPa. Likely

geotherms would place these conditions within the sub-arc lithosphere (see Fig. 2b of Turner et al., 2011).
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This is consistent with the fragment-like morphology of the harzburgite which suggests that they were
entrained as brittle fragments potentially broken off the walls of a magma conduit. The magma that picked
these up had a temperature which did not exceed ~1050 °C and formed hornblende by reacting with the
peridotite fragments at ~1000 °C. Subsequently the magma crystallized a plagioclase-amphibole gabbro
cumulate around the nodule. All of this occurred at ~ 0.5 GPa within the sub-arc lithosphere where the
magma was saturated in amphibole. The host andesite magma chamber ~8 km beneath Batan Island (1050-
1100 °C at 0.25-0.30 GPa) is within the lithospheric crust. This probably corresponds to the depth of vapor
(H:O) saturation (e.g. Adam et al., 2016a).
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Figure 6.2: Calculated P-T conditions for the host lava from major element data. a) Calculated temperatures using clinopyroxene-
Glass calculations (Putirka et al., 1996, T1; Putirka, 2008, Eqn 34). b) Calculated pressure conditions using clinopyroxene-glass
barometry from Putirka (2008, Eqn 31 and 32c). ¢) clinopyroxene compositions plotted on an En-Wo-Fs ternary, the 5 kbar
temperature contour from Lindsley (1983). d) Glass compositions plotted on a nepheline-quartz-forsterite liquid equilibria ternary
from Adam et al. (2016b).
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6.3. Insights from trace element data

Trace element abundances in the minerals from each xenolith component have been used to further

constrain the magmatic processes occurring beneath Batan Island.

6.3.1. Chemical evidence for nature and origin of the harzburgite fragments.

Previous studies have inferred the mantle wedge beneath Batan Island to be heavily metasomatised
depleted mantle (e.g. Maury et al., 1992; Defant et al., 1990). Maury et al. (1992) were the first to observe
that xenoliths entrained in the youngest phase of volcanics from Mt. Iraya volcano have an arc-like trace
element signature. That is, a relative enrichment in elements like Rb, Ba, Th, U, and La compared to Nb,
Ta, Zr, Hf, Ti and the HREE’s (e.g. Yb and Lu). The inference is that the mantle beneath Batan Island has
been strongly influence by slab and sediment melts (e.g. Maury et al., 1992; Schiano et al., 1995; Fourcade et

al., 1994) and that this occurred relatively recently (e.g. Turner et al., 2012).

The same trace element signatures have been identified in this study. Olivine and orthopyroxene
trace element abundances are unlike those expected from a depleted mantle signature (Figure 5.8). Olivine
trace element abundances show arc-like signatures (Figure 5.8a), similar to those from olivine separates
containing adakitic melt inclusions analyzed by Schiano et al. (1995). The same melt inclusions have been
identified in the harzburgite fragments analyzed here (Figure 5.2f). Furthermore, the trace element signature
of the melt inclusions (Schiano et al., 1995) are very similar to that the olivine in this study (Figure 6.3). This
demonstrates how the slab and sediment derived fluids have metasomatised the harzburgite, altering the
trace element signature to no longer reflect the depleted mantle and without any change to the mineral

assemblage.

6.3.2. Linking the reaction assemblage to the hornblende gabbro.

Incompatible trace element signatures of hornblende are relatively uniform, regardless of the location
within the xenolith (Figure 5.9). Whilst the major element compositions vary due to different crystallization
conditions (i.e. melt-rock reaction or cumulate crystallization) (Figure 5.6a and b), the trace element
signatures all have positive anomalies in Ba and Sr, and negative anomalies in Th, U, Zr, K and Pb. The

calculated equilibrium melt compositions demonstrates that the hornblendes, whether crystallized by
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Figure 6.3: REE + Ti patterns for the Host Lava (Turner et al., 2012), the adakitic melt inclusion in olivine (Schiano et al., 1995),
and olivine. Normalised to Primitive Mantle (McDonough and Sun, 1995).

reaction or as a cumulate, were in equilibrium with (i.e. crystallized from) the same melt (Figure 5.8b).
Furthermore, the similarity of the equilibrium melt compositions for hornblende and clinopyroxene (Figure
5.8¢) suggest that hornblende and clinopyroxene in the harzburgite fragments formed as part of the same

reaction between melt and olivine.

Interestingly, the equilibrium melt composition of orthopyroxene is remarkably similar to hornblende
and clinopyroxene (Figure 5.8d). The only difference is the inversion of the negative Pb anomaly in the
clinopyroxene (Figure 5.8c). Since clinopyroxene and orthopyroxene are often adjacent crystals, it is possible

that Pb preferentially partitions into orthopyroxene in these reaction circumstances.

6.3.3. The link between olivine, equilibrium melt, and host andesite.

As shown in Figure 6.3, the REE patterns of olivine and the host andesite are neatly identical. This
striking correlation was first shown by Maury et al. (1992), comparing whole rock xenolith and host andesite
data (see Fig. 1c of Maury et al.). Furthermore, they estimated that 3% melting of the mantle xenolith would

produce the abundances observed in the host andesite.

The host andesite signature shows a general enrichment in LREE’s over HREE’s (Figure 5.8b-d)
Negative anomalies in Ba, Nb, K and Ti, mirrored by the calculated equilibrium melt compositions for

hornblende (5.8b), clinopyroxene (5.8¢), orthopyroxene (5.8d).
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Two important links can be made: (1) the melt transporting the harzburgite fragments must be of
mantle origin; and (2) the melt transporting the harzburgite fragments could be the same magma because
trace element signatures of olivine and the host andesite are identical,. Therefore, the crystallization of
amphibole can be the evolution pathway fractionating a basaltic melt (e.g. olivine- mantle origin) into an

evolved melt (e.g. host andesite).

6.3.4. Trace element interpretation.

The mantle wedge beneath contains a high level of metasomatism by slab and sediment derived
components (e.g. Maury et al.,, 1992; Schiano et al.,, 1995; Fourcade et al.,, 1994, Turner et al., 2012).
Importantly, trace element signatures demonstrate the both melt-rock reaction, and cumulate (gabbro)

crystallization were imparted from the same melt of mantle origin.

Interestingly, the incompatible element signatures of the sampling magma and host andesite appear
neatly identical. Itis possible they are the same melt. If this were the case, hornblende would be a phenocryst
phase in, or at least a relict within, the host lava. The conundrum is why amphibole is not a phenocryst phase

in the host andesite.

7. Petrogenic Model: Combining petrographic and geochemical interpretations
In this section the new findings of this study are placed in the context of prior work. The results

provide important constraints on the questions surrounding xenolith formation, the importance of

amphibole in arc settings and implications for arc volcanism.

7.1. Xenolith Formation

As illustrated in Figure 7.1, the following sequence of events described the xenoliths history through

to eruption.
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4.b

Stage 4b: Host andesite and eruption
8 km depth, P-T conditions of 1100 °C
and 0.25 GPa

Stage 4a: An ascending melt
sampled composite zenoliths
and recharged a shallow
magma chamber

Stage 3: Crystallization of the melt

The melt equilibrated at ~ 1000 °C and
40 ~ 0.5 GPa (approximately 18-20 km depth)
Melt > Hornblende + Anorthite

? Unknown
magma source

50

Stage 2b: Melt-Rock reaction
Melt + Olivine = Hornblende * Clinopyrozene

Stage 2a:
An ascending melt fractures the harzburgite
melt into fragments and entraining them.

Reaction rim

Stage 1: Sampling of harzbusgite fragments

P-T conditions: Melt inclusions entrapment temperatures
~ 920 °C (Schiano et al,. 1995). At approximately 30 km depth (Richards et al., 1986)
An hydrous magma fractured and sampled the harzburgite mantle wedge.

Figure 7.1. Schematic linking the entire process from sampling the harzburgite to eruption. The schematic represents the mantle
directly beneath Batan Island. Note: The tectonic structure and photomicrographs are not to scale, the depths (in km) are to a
relative scale.
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Stage 1. Harzburgite

The mantle wedge under Batan Island was initially depleted mantle and subsequently metasomatised
(e.g. Maury et al,, 1992). The sampled section of the mantle has lost a melt fraction and adakitic melt
inclusions record entrapment record temperatures ~920 °C (Schiano et al., 1995; Figure 6.1a). Importantly,
the highly metasomatised nature of the fragments (~Fo80) suggests interaction with slab-derived fluids and
thermal re-equilibration. Interestingly, crystal plastic deformation is still prevalent and the lack garnet
provides an upper limit of pressure of 1.2 GPa (Alonso-Perez et al., 2009). The thermobarometry suggests
the sampled fragments are of relatively shallow origin in the sub-arc lithosphere (~30 km, Richards et al.,

1986) yet nonetheless provide analogues of the mantle wedge (Maury et al., 1992).
Stage 2a. Fracturing and entrainment

An ascending basaltic magma caused fracturing and entrained the harzburgite mantle as fragments.
Whilst the fragments are not a direct sample of the source region of the melt, links between olivine and
calculated equilibrium melt compositions suggest that the melt is of mantle origin- not slab derived.
Furthermore, did not originate from depths where garnet is stable. REE patterns do not show the strong

depletions in HREE’s that would be expected by residual garnet (Davidson et al., 2013).
Stage 2b. Melt-Rock reaction

The ascending hydrous, alkali rich, amphibole saturated magma entrained the fragments at the upper
temperature limits of amphibole stability (~1000 °C; e.g. Foden and Green, 1992). Immediate reactions
along the fractured edges of the harzburgite fragments follow reaction (1). The dissolution precipitation

reaction, exploiting crystal lattice defects, armors the fragments in hornblendite and slows further reaction.
Melt + Olivine = Hornblende *+ Clinopyroxene (1)
Stage 3. Crystallization of the melt

The hornblende rind subsequently acts as barrier between the melt and olivine (Figure 5.1).

Accordingly, once olivine is removed, the melt can no longer react with olivine and follows equation (2).
Melt = Hornblende + Anorthite (2)

The melt equilibrated at ~1000 °C and 0.5 GPa crystallized a cumulate assemblage of hornblende
and plagioclase. These conditions roughly correspond to those just beneath the oceanic crust at
appoximately18-20 km depth (e.g. Dimalanta and Yumul, 2003). Importantly, the temperatures are within
the upper limits of amphibole P-T stability for basaltic-andesitic magma (e.g. Allan and Boettcher, 1983;
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Foden and Green, 1992; Green, 1992). The result is a crystallized, composite conduit with harzburgite

fragments encased in a hornblendite rind and then hornblende gabbro.
Stage 4a. Sampling the composite conduit

A new ascending magma then sampled the composite xenoliths in the conduit and continued to rise
and recharge a shallow magma chamber. Evidence for this is the difference in temperatures between the
xenolith and the host andesite. The resulting thermal dis-equilibrium would ultimately result in dissolution
of the xenolith. Thus, the survival of the xenolith and the lack of hornblende breakdown featutes demand
a fast ascent rate and eruption within days of entrainment (Brearley and Scarfe, 1986; Rutherford and Hill,
1993). Conversely, this timeframe would not allow for the growth of the phenocrysts observed in the host

andesite.
Stage 4b. Host andesite and eruption

The lava residing in the shallow magma chamber was an evolved, crystal rich, high K calc-alkaline
andesite. The P-T conditions of this chamber were ~1100 °C at ~0.25 GPa. These temperatures are above
the upper extremes of amphibole stability (e.g. Foden and Green, 1992; Green, 1992). Thus, the host

andesite was saturated in two pyroxenes and plagioclase, but not amphibole.

After eruption, the final product is a composite xenolith of deformed harzburgite fragments,
surrounded by a reaction rind and then hornblende gabbro, entrained in a plagioclase rich, two pyroxene

host andesite.

7.2. Amphibole fractionation in arc settings

Davidson et al. (2007 and 2013) suggest amphibole must be a major mineral in the petrogenesis, and
evolution, of arc lavas. Relative concentrations of La, Dy and Yb can, in principle, provide a simple indication
of whether differentiation was dominated by clinopyroxene, garnet or amphibole (Figure 7.2a). Interestingly,
published trace element data from many arc settings supports the notion that amphibole fractionation occurs
frequently (Figure 7.2b; Davidson et al., 2013). What is surprising is that many of the lavas in arc settings

are amphibole free.

The same situation occurs at Batan Island. Published trace element data on the lavas from Batan
Island (e.g. McDermott et al., 1993) cleatly suggests that amphibole fractionation is important (Figure 7.2b).

Although some andesites on Batan Island are amphibole rich (Sajona et al., 2000), the presence of amphibole
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arc settings, the majority suggesting amphibole fractionation. Philippine data from McDermott et al. (1993).

rich xenoliths in an amphibole free host lava provide important corroborating evidence that this phase was

important in the petrogenesis of the lavas.

7.3. Batan Island volcanism

The findings in this study provide some interesting insights into the volcanic processes occurtring
beneath Batan Island. The unique composite xenolith clearly shows that amphibole was stable at some point
time, and importantly both during melt-wall rock reaction and cumulate crystallization at 0.5 GPa. This alone
demonstrates that amphibole fractionation is occurring under Batan Island, and may occur in other arc

settings.

Furthermore, there are several other lavas which have hornblende as an abundant phenocryst phase
on Batan Island (Sajona et al., 2000). These hornblende andesites have adakitic compositions, and whilst
nearly 1 Ma separates the eruptions, why amphibole was stable in the older lavas and not the younger ones

may provide important insights into changes in the evolutionary path of the magmas through time.
yp p g g yPp gm g
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8. Conclusions

Existing literature on these composite xenoliths only focus on the harzburgite nodules. Recent
metasomatism (Turner et al.,, 2012), by fluids with slab and sediment components has given the mantle
beneath Batan Island an ‘arc-like’ signature (e.g. Maury et al., 1992; Schiano et al., 1995; Fourcade et al., 1994;
Vidal et al., 1989). Only select work has mentioned the amphibole rind and amphibole gabbro as xenolith
components (e.g. Arai and Kida, 2000; Arai et al., 2004). This study focuses on the entire composite xenolith,
applying Neutron Tomography as a novel technique, alongside the more conventional methods, such as
SEM EBSD, EMP major element and LA-ICP-MS trace element analyses, to make the following

conclusions.

(1) The multicomponent xenolith formed in the following sequence of events. (A) An ascending melt
of shallow mantle origin fractured and entrained harzburgite fragments, (B) and reacted to crystallize a rind
of hornblende at the expense of olivine and slowing reaction. (C) The melt then crystallized hornblende and
anorthite, equilibrating at ~0.5 GPa and ~1000 °C. The crystallized conduit did not reach the host andesite
magma chamber. (D) A separate magma sampled the composite xenolith, transporting it to the host andesite
magma chamber at ~0.25 GPa and ~1100 °C. (E) Eruption must have been recent due to the survival of the

xenolith in a magma it was out of equilibrium with.

(2) Amphibole is stable at conditions beneath Batan Island. Wall-rock reactions and cumulate growth
demonstrates that mass crystallization of amphibole can act as a fractionation event as suggested to occur by
Davidson et al. (2007 and 2013). Several volcanic events on Batan Island contained amphibole as a
phenocryst phase (Sajona et al., 2000). Potentially, the magma (or those similar) forming the hornblendite
rind and then gabbro could have reached the surface. Notwithstanding, studies would need to show links

between amphiboles in xenoliths, and amphiboles and the host magma.

(3) Amphibole crystallized under multiple conditions beneath Batan Island. Thus, the processes
described to form these composite xenoliths can be used as an analogue for other arc settings which show

evidence for amphibole fractionation.
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Appendix 1

Figure 1. Thin section photo of the composite xenolith.

Figure 2: Thin section photo of the host andesite.
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Appendix 2

Table 1- Hornblende

| Hornblendite Hornblende Gabbro Peridotite
| Core-Rim
Horn-ite_amph_Horn-ite_amph_Horn-ite_amph_4orn-ite_amph_Horn-ite_amp_5 SH_amph_1  SH_amph_1 SH_amph_2 HG_amph-plag_iG_amph-plag_1G_amph-plag_| 3/1. 14/1.
Si02 40.82 41.99 40.68 40.68 40.88 41.55 40.73 40.22 40.53 40.86 40.84 41.66 42.50
TiO2 1.97 1.98 2.00 2.04 1.85 1.93 1.95 212 2.2 21 2.09 171 1.52
Al203 13.65 13.19 13.48 13.98 13.26 13.38 13.90 13.57 13.52 13.78 13.59 13.70 13.15
Cr203 0.06 0.10 0.05 0.03 0.59
Fe203 6.18 3.77 5.88 5.44 5.88 3.42 3.89 5.87 5.47 5.17 541 3.42 2.45
FeO 5.57 6.74 5.03 5.52 4.73 6.85 7.51 5.96 6.27 6.62 6.30 6.28 6.88
MnO 0.14 0.12 0.15 0.13 0.13 0.10 0.15 0.16 0.14 0.11 0.14 0.12 0.14
NiO 0.06 0.08 0.07 0.08
MgO 15.11 15.69 15.58 15.28 16.00 15.26 14.46 14.83 14.96 14.93 15.22 15.52 15.70
CaO 12.38 12.30 12.40 12.46 12.36 12.20 12.21 12.37 12.4 12.42 12.3 12.41 12.21
Na20 2.36 2.38 2.25 2.24 247 2.38 2.32 212 2.14 22 2.26 2.37 2.40
K20 0.97 0.91 0.92 0.99 0.83 0.90 0.93 11 117 11 1.07 0.94 0.82
Total 99.15 99.08 98.37 98.88 98.47 98.07 98.05 98.37 98.80 99.29 99.22 98.23 98.43
M 82.9 80.6 847 83.1 85.8 79.9 774 81.60 80.97 80.09 81.15 81.50 80.27
Mg# 70.8 734 729 723 74.0 73.3 70.1 70.16 70.44 70.24 70.83 74.72 75.48
Fe+3/Fe total 05 0.335 0.513 0.47 0.528 0.31 0.318 0.47 0.44 0.413 0.436 0.329 0.243
no. of oxygens 23 23 23 23 23 23 23 23 23 23 23 23 23
. Si 5.898 6.046 5.905 5.882 5.922 6.042 5.957 5.872 5.892 5.907 5.904 6.036 6.137
E Al 2.102 1.954 2.095 2.118 2,078 1.958 2.043 2.128 2.108 2.093 2.096 1.964 1.863
Y. T site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Ti 0.214 0.214 0.218 0.222 0.202 0.211 0.215 0.233 0.241 0.228 0.227 0.187 0.165
vial 0.223 0.285 0.212 0.265 0.187 0.336 0.354 0.207 0.209 0.255 0.221 0.376 0.377
" Cr 0.000 0.000 0.000 0.007 0.000 0.011 0.000 0.006 0.000 0.000 0.000 0.004 0.067
‘j;, Fe® 0.672 0.409 0.643 0.592 0.641 0.374 0.428 0.645 0.599 0.563 0.589 0.373 0.267
3 Fe” 0.666 0.795 0.602 0.659 0.564 0.818 0.903 0.719 0.752 0.787 0.747 0.750 0.812
Ni 0.000 0.000 0.000 0.007 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.010
Mg 3.224 3.296 3.325 3.248 3.398 3.248 3.100 3.190 3.200 3.167 3.216 3.302 3.303
Y. M1-3 sites 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000
Fe” 0.006 0.017 0.008 0.009 0.009 0.015 0.015 0.008 0.010 0.012 0.015 0.011 0.019
Mn 0.017 0.015 0.018 0.016 0.016 0.012 0.019 0.020 0.017 0.013 0.017 0.015 0.017
g Mg 0.029 0.070 0.045 0.044 0.056 0.059 0.052 0.037 0.041 0.050 0.063 0.048 0.075
b Ca 1.917 1.898 1.929 1.930 1.919 1.901 1914 1.935 1.931 1.924 1.905 1.926 1.889
Na 0.031 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y. M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
. Na 0.630 0.664 0.633 0.628 0.694 0.659 0.658 0.600 0.603 0.616 0.634 0.665 0.671
‘E K 0.179 0.167 0.170 0.183 0.153 0.167 0.174 0.205 0.217 0.203 0.197 0.173 0.151
Y, Assite 0.809 0.831 0.804 0.810 0.847 0.826 0.831 0.805 0.820 0.819 0.831 0.838 0.822
Y. Cations 15809  15.831 15804 15810 15847  15.826  15.831 15805 | 15820  15.819 15831 | 15838  15.822

Table 5.1: Presenting major element abundances in weight percent oxides and chemical formula for representative analysis points.
FeO is total Fe. b.d.l. — Below detection limits. Structural formula calculated using the process outlined in Deer et al. (1992). Fe?*
and Fe?* calculated following Schumacher (1997) Mg# calculated from structural formula as Mg = Mg*100/ (Mg + Fe), M
number is calculated as M = Mg*100 / (Mg + Fe?*).
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Table 2- Olivine

Olivine

1/1. 2/1. 4/1. 5/1. 6/1. 11/1. 12/1. 32/1. 33/1. 4411 45/1.
SiO2 39.38 39.47 39.95 40.13 39.33 40.17 40.26 38.87 39.10 39.61 39.43
TiO2 b.d.l. b.d.l b.d.l. b.d.l 0.00 0.01 0.00 0.00 0.00 0.02 0.01
Al203 0.03 0.02 0.02 0.02 0.00 0.00 0.02 0.01 b.d.l. 0.03 0.02
Cr203 b.d.l. b.d.l. b.d.l. 0.03 0.02 0.00 0.01 b.d.l 0.00 0.03 0.01
Fe203 b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l.
FeO 18.42 18.71 18.20 17.24 17.27 18.79 18.47 19.51 19.41 17.48 17.38
MnO 0.41 0.41 0.40 0.38 0.39 0.39 0.40 0.44 0.42 0.38 0.38
NiO 0.26 0.27 0.24 0.25 0.30 0.24 0.24 0.27 0.21 0.27 0.26
MgO 41.76 41.49 41.60 42.79 43.03 41.21 41.80 41.24 41.14 43.01 43.39
CaO 0.12 0.13 0.12 0.13 0.12 0.16 0.13 0.13 0.12 0.08 0.10
Na20 0.02 b.d.l 0.02 b.d.l 0.03 b.d.l 0.01 b.d.l b.d.l. b.d.l b.d.l.
K20 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l b.d.l.
Total 100.40 100.50 100.56 100.99 100.48 100.99 101.33 100.48 100.40 100.91 100.98
Mgs# 80.16 79.81 80.29 81.56 81.62 79.63 80.13 79.02 79.06 81.43 81.65

Oxygens 4 4 4 4 4 4 4 4 4 4 4
Si 1.002 1.005 1.012 1.008 0.996 1.016 1.013 0.995 1.000 0.998 0.994
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001
Cr 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Fe+3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe+2 0.392 0.398 0.386 0.362 0.366 0.397 0.389 0.418 0.415 0.369 0.366
Mn 0.009 0.009 0.009 0.008 0.008 0.008 0.009 0.009 0.009 0.008 0.008
Ni 0.005 0.006 0.005 0.005 0.006 0.005 0.005 0.006 0.004 0.006 0.005
Mg 1584 1574 1571 1.602 1.624 1.553 1.567 1.573 1.568 1.616 1.629
Ca 0.003 0.003 0.003 0.004 0.003 0.004 0.003 0.004 0.003 0.002 0.003
Na 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
> Cations 2.998 2.995 2.988 2.991 3.005 2.984 2.987 3.005 3.000 3.001 3.006

Table 2: Major element concentrations for Olivine. Abbreviations as in Table 1.
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Table 3- Clinopyroxene and Orthopyroxene (XENOLITH)

Clinopyroxene Orthopyroxene

7/1. 10/1. 20/1. 24/1. 29/1. Peri_Mingroup_1 Peri_Mingroup_2 22/1. 30/1. 31/1.

SiO2 52.18 52.13 51.38 52.74 53.68 50.65 52.14 56.44 56.46 56.87

TiO2 0.20 0.25 0.39 0.23 0.18 0.55 0.26 0.04 b.d.l. 0.04

Al203 249 3.02 3.80 2.76 171 451 2.73 111 0.55 1.08

Cr203 0.49 b.d.l. 0.03 0.44 0.08 b.d.l. 0.43 0.07 0.05 0.07

Fe203 0.48 2.69 2.96 191 1.78 3.83 2.98 0.00 1.13 0.00

FeO 4.33 3.08 3.25 3.66 341 2.82 2.79 11.46 10.24 11.54

MnO 0.17 0.18 0.18 0.16 0.17 0.19 0.15 0.38 0.37 0.37

NiO 0.02 0.06 0.02 0.04 0.09 0.00 0.00 0.05 0.07 0.09

MgO 15.85 15.96 15.43 16.00 16.84 15.02 15.96 30.28 31.31 30.41

Ca0 22.70 23.26 23.26 23.07 23.03 23.41 23.38 1.18 0.78 1.20

Na20 0.26 0.22 0.23 0.29 0.26 0.28 0.26 0.01 0.01 0.02

K20 0.01 0.01 0.00 0.00 0.01 0.00 0.00 b.d.l b.d.l b.d.l
Total 99.17 100.85 100.92 101.28 101.24 101.27 101.08 101.03 100.95 101.68

M 86.70 90.22 89.42 88.63 89.80 90.46 91.07 82.48 84.49 82.45

Mgs# 85.58 83.79 82.30 84.14 85.69 81.02 83.87 82.48 83.22 82.45

Fe+3/Fe total 0.09 0.44 0.45 0.32 0.32 0.55 0.49 0 0.09 0
no. of oxygens 6 6 6 6 6 6 6 6 6 6

@ Si 1931 1.899 1874 1913 1.942 1.845 1.897 1976 1974 1.979
z VAl 0.069 0.101 0.126 0.087 0.058 0.155 0.103 0.024 0.026 0.021
= > T site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Ti 0.006 0.007 0.011 0.006 0.005 0.015 0.007 0.001 0.000 0.001

VAl 0.039 0.028 0.038 0.031 0.015 0.039 0.014 0.022 -0.004 0.023

» Cr 0.014 0.000 0.001 0.013 0.002 0.000 0.012 0.002 0.001 0.002
% Fe* 0.013 0.074 0.081 0.052 0.049 0.105 0.082 0.000 0.030 0.000
g Fe* 0.134 0.087 0.092 0.102 0.094 0.080 0.079 0.171 0.151 0.171
Ni 0.001 0.002 0.001 0.001 0.003 0.000 0.000 0.001 0.002 0.002

Mg 0.793 0.802 0.777 0.795 0.832 0.761 0.806 0.803 0.820 0.801

> M1 site 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg 0.081 0.064 0.062 0.069 0.076 0.05 0.06 0.78 0.81 0.78

» Fe* 0.000 0.007 0.007 0.009 0.009 0.006 0.006 0.165 0.149 0.165
% Mn 0.005 0.005 0.006 0.005 0.005 0.006 0.005 0.011 0.011 0.011
%‘ Ca 0.900 0.908 0.909 0.896 0.893 0.914 0.911 0.044 0.029 0.045
Na 0.019 0.016 0.016 0.020 0.018 0.020 0.018 0.001 0.001 0.002

> M2 site 1.005 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000 0.998

> Cations 4.005 4.000 4.000 4.000 4.000 4.000 4.000 3.999 4.000 3.998

Table 3: Major element concentrations as structural formula for clinopyroxene and orthopyroxene for the xenolith. Abbreviations
as in Table 1.
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Table 4- Clinopyroxene and Orthopyroxene (HOST ANDESITE)

Host_pyx_group_lost_pyx_group_lost_pyx_group_lost_pyx_group_lost_pyx_group_lost_pyx_group_

Position rim core

Mineral CPX CPX OPX CPX CPX CPX

SiO2 50.56 50.39 54.02 51.21 52.35 51.17

TiO2 0.49 0.48 0.26 0.48 0.41 0.59

Al203 2.60 3.79 1.58 2.61 2.41 2.46

Cr203 0.00 0.07 0.00 0.00 0.00 0.00

Fe203 3.12 3.80 0.20 2.94 1.67 2.73

FeO 9.40 4.53 1751 7.94 7.33 9.23

MnO 0.38 0.19 0.48 0.33 0.28 0.40

NiO 0.00 0.00 0.00 0.00 0.00 0.00

MgO 14.43 15.69 24.92 15.21 15.45 14.65

Cao 18.62 21.03 1.89 19.40 20.78 19.21

Na20 0.34 0.22 0.00 0.30 0.25 0.29

K20 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.94 100.19 100.86 100.42 100.93 100.72

M 73.23 86.05 71.72 77.34 78.98 73.89

Mo# 67.80 77.86 7151 7191 75.72 69.09

Fe+3/Fe total 0.23 0.43 0.01 0.25 0.17 0.21

no. of oxygens 6 6 6 6 6 6

@ Si 1.897 1.859 1.956 1.900 1.923 1.902
3 VAL 0.103 0.141 0.044 0.100 0.077 0.098
= > T site 2.000 2.000 2.000 2.000 2.000 2.000
Ti 0.014 0.013 0.007 0.013 0.011 0.016

vip) 0.012 0.024 0.024 0.014 0.027 0.010

» Cr 0.000 0.002 0.000 0.000 0.000 0.000
-% Fe'® 0.088 0.105 0.005 0.082 0.046 0.076
g Fe*? 0.285 0.189 0.275 0.250 0.222 0.277
Ni 0.000 0.000 0.000 0.000 0.000 0.000

Mg 0.601 0.666 0.689 0.640 0.693 0.620

> M1 site 1.000 1.000 1.000 1.000 1.000 1.000

Mg 0.206 0.196 0.656 0.200 0.153 0.192

n Fe 0.010 -0.050 0.256 -0.004 0.003 0.009
-% Mn 0.012 0.006 0.015 0.010 0.009 0.013
%‘ Ca 0.748 0.831 0.073 0.771 0.818 0.765
Na 0.025 0.016 0.000 0.022 0.018 0.021
> M2 site 1.000 1.000 1.000 1.000 1.000 1.000
> Cations 4.000 4.000 4.000 4.000 4.000 4.000

Table 4: Major element concentrations and structural formula for clinopyroxene (CPX) and orthopyroxene (OPX) within the host
andesite. Abbreviations as in Table 1.
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Table 5- Plagioclase (XENOLITH and HOST ANDESITE)

| Xenolith Host Andesite
Horn-ite_plag_1Horn-ite_plag_2Horn-ite_plag_3Horn-ite_plag_441G_amph-plag_AG_amph-plag_3 phenocrysts  phenocrysts ~ phenocrysts
SiO2 4450 44.32 44.02 44.69 44.16 44.42 48.21 46.23 50.34
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l.
Al203 34.40 34.79 34.29 34.79 34.93 34.96 32,57 33.55 30.64
Cr20s3 b.d.l. b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l
FeO 0.57 0.49 0.57 0.58 0.71 0.64 0.75 0.73 0.77
MnO b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l.
MgO 0.03 b.d.l. b.d.l. 0.04 0.04 0.03 0.06 0.04 0.06
CaOo 19.10 19.29 19.18 19.00 19.41 19.13 16.55 17.97 14.8
Na20 0.76 0.68 0.74 0.86 0.70 0.69 2.39 143 3.3
K20 0.03 0.04 b.d.l 0.03 b.d.l b.d.l. 0.08 0.04 0.14
Total 99.39 99.61 98.80 99.99 99.95 99.87 100.61 99.99 100.05
# oxygens 32 32 32 32 32 32 32 32 32
Si 8.300 8.249 8.266 8.283 8.205 8.245 8.824 8.545 9.219
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 7.564 7.634 7.591 7.602 7.652 7.650 7.028 7.311 6.615
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe+2 0.089 0.076 0.090 0.090 0.110 0.099 0.115 0.113 0.118
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.008 0.000 0.000 0.011 0.011 0.008 0.016 0.011 0.016
Ca 3.817 3.847 3.859 3.773 3.864 3.804 3.246 3.559 2.904
Na 0.275 0.245 0.269 0.309 0.252 0.248 0.848 0.512 1.172
K 0.007 0.009 0.000 0.007 0.000 0.000 0.019 0.009 0.033
> Cations 20.060 20.061 20.074 20.075 20.095 20.055 20.096 20.061 20.076
An 93.3 94.0 93.5 924 93.9 93.9 79.3 87.4 71.3
Ca 93.1 93.8 935 923 93.9 93.9 78.9 87.2 70.7
Na 6.7 6.0 6.5 7.6 6.1 6.1 20.6 12.6 28.5
K 0.2 0.2 0.0 0.2 0.0 0.0 0.5 0.2 0.8

Table 5.5: Major element abundances for plagioclase in both xenolith and host andesite. Structural formula calculated as from
Deer et al. (1992), An# is Ca*100/ (Na+K). Ca = Ca*100 / (Ca+Na+K), Na = Na *100 / (Ca+Na+K), K = K*100 /
(Ca+Na+K). other abbreviations as in Table 1..
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TABLE 6- Glass phases

Host Andesite Ol. melt inclusions
SiO2 58.53 63.74 64.06
TiO2 0.22 0.25 0.30
Al203 20.29 19.22 18.88
Cr203 b.d.l. b.d.l. b.d.l.
FeO(total) 4.02 3.03 2.92
MnO 0.12 b.d.l. b.d.l.
NiO b.d.l. b.d.l. b.d.l.
MgO 2.32 1.56 1.08
CaOo 8.37 4,01 4.24
Na20 4.83 5.32 5.65
K20 1.15 3.91 3.96
Total 99.85 101.04 101.09
Na20+K20 5.98 9.23 9.61
Mg 50.70 4785  39.73
Qtz 4434 45.10 4512
(<,() CaAl204 49.91 49.94 51.72
S Fo 5.75 4.96 3.17
Total 100.00 100.00 100.00

Table 6: Major element abundances for glass phases as melt inclusions in olivine (within the xenolith) and the host andesite matrix.
CMAS calculations as those in Adam et al. (2016b).
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Appendix 3

Table 5.1
Peridotite fragment Hornblendite Hornblende Gabbro
ol ol ol cpx cpx opX hbl hbl hbl feld hbl hbl feld feld

Element BIX-0l-03 BIX-0l-p1-14 BIX-0l-p3-27 BIX-cpx-01 BIX-cpx-17 BIX-0px-02 | BIX-hbl-07 BIX-hbl-p1-08BIX-hbl-p1-11 BIX-pl-05 | BIX-hbl-19  BIX-hbl-24 BIX-pl-p2-23  BIX-pl-25 D.L.
Li 3.22 2.7 3.24 1.67 1.23 13 1.3 0.98 1.26 1.06 1.02 1.18 0.82 0.48 0.2950
K 678.89 9.42 b.d.l. b.d.l. b.d.l b.d.l. 8980.72 8255.74 8278.27 272.86 9023.83 9347.46 281.02 852.09 1.773
Ca 1037.32 884.47 879.92 153835.94 161234.31  6431.92 8339256  83319.23  80867.78 117667 83490.56  84189.89 126166.34 122519.62 20.75
Ti 34.13 28.78 289 654.73 1287.09 263.7 11287.43  11633.19 9536.02 46.17 11891.62  12044.85 54.3 180.09 0.3676
\Y% 2.92 2.216 2.375 182.46 122.96 34.25 500.03 555.71 448.77 0.634 565.74 572.27 0.882 7.98 0.0374
Co 146.02 177.42 171.39 245 27.24 61.09 50.58 52.88 48.06 0.221 54.55 56.02 0.297 0.827 0.01712
Rb 4.85 b.d.l b.d.l. 0.079 b.d.l b.d.l. 9.44 6.36 8.07 b.d.l. 7.08 7.37 0.253 3.43 0.05594
Sr 9.33 0.0125 b.d.l. 49.81 48.62 0.123 393.66 333.01 317.11 927.83 317.27 362.17 1074.71 1135.88 2.705
Y 0.156 0.072 0.0475 10.95 10.68 0.824 17.71 20.91 17.74 0.075 21.15 16.92 0.093 0.547 0.01032
zZr 2.168 0.037 b.d.l 18.32 19.56 0.642 50.47 49.26 51.15 0.042 64.29 39.11 0.192 4.77 0.01971
Nb 0.0711 b.d.l. b.d.l 0.0219 0.0203 b.d.l 3.25 3.81 3.33 b.d.l 4.89 2.29 b.d.l 0.322 0.00884
Ba 14.03 b.d.l. b.d.l 0.137 0.0598 b.d.l 2534 167.32 239.06 46.24 207.31 266.26 54.64 69.92 0.01384
La 0.374 b.d.l b.d.l. 2.001 2.277 b.d.l. 4.63 43 551 1.68 5.79 5.03 1.904 291 0.00902
Ce 0.723 b.d.l b.d.l. 9.01 9.78 0.0304 17.35 17.85 20.86 271 23.21 18.28 3.38 5.47 0.00642
Pr 0.079 b.d.l b.d.l. 1.942 1.978 b.d.l. 3.21 3.54 3.89 0.291 4.37 3.13 0.345 0.613 0.00607
Nd 0.325 b.d.l b.d.l 12 11.12 0.088 18.02 21.25 20.6 1.29 25.08 16.61 1.217 1.88 0.03833
Sm 0.07 b.d.l. b.d.l 3.2 2.94 0.053 4.96 5.59 4.96 0.132 5.99 4.42 0.112 0.355 0.04840
Eu b.d.l b.d.l b.d.l. 0.738 0.78 0.0139 1.383 1.483 1.459 0.23 1.587 1.4 0.267 0.286 0.01276
Gd 0.055 b.d.l b.d.l. 2.64 2.15 0.094 4.18 481 3.96 b.d.l. 4.92 3.76 b.d.l. 0.142 0.05211
Tb 0.0066 b.d.l b.d.l. 0.354 0.346 0.0156 0.599 0.671 0.562 b.d.l. 0.703 0.537 0.0084 0.0165 0.00614
Dy 0.032 0.0155 b.d.l 2.3 1.978 0.121 3.74 4.37 3.66 b.d.L 4.2 3.25 0.047 0.11 0.02604
Ho 0.0101 b.d.l. b.d.l 0.427 0.416 0.0408 0.737 0.862 0.685 0.0092 0.884 0.704 b.d.l 0.0229 0.00686
Er b.d.l. b.d.l. b.d.l 1.183 1.246 0.129 1.817 2.153 1.801 0.0262 2.42 1.79 b.d.l 0.043 0.02255
Tm b.d.l. b.d.l b.d.l. 0.165 0.179 0.0283 0.241 0.29 0.253 b.d.l. 0.308 0.229 b.d.l. b.d.l 0.00668
Yb b.d.l. b.d.l 0.0385 0.93 1.078 0.161 1.488 1.828 1.728 b.d.l. 1.97 1.479 0.038 b.d.l 0.03096
Lu 0.0079 0.0111 0.0091 0.133 0.155 0.0192 0.228 0.243 0.209 b.d.l. 0.269 0.206 b.d.l. 0.0162 0.00710
Hf 0.055 b.d.l b.d.l 1.422 1.234 0.038 2.098 2.15 2.057 b.d.l 2.82 1.539 b.d.l 0.103 0.02388
Ta b.d.l. b.d.l. b.d.l b.d.l b.d.l. b.d.l 0.1402 0.1735 0.1392 b.d.l 0.248 0.0967 b.d.l 0.0087 0.00589
Pb 0.614 b.d.l 0.057 0.12 0.083 b.d.l. 1.618 1.012 1.099 1.191 1.193 1.425 1.29 1.465 0.02836
Th 0.411 0.0088 b.d.l. 0.0789 0.158 b.d.l. 0.577 0.224 0.411 b.d.l. 0.23 0.322 0.0297 0.53 0.00733
U 0.0514 b.d.l b.d.l. 0.01 0.0192 b.d.l. 0.1093 0.0265 0.0496 b.d.l. 0.0465 0.0374 b.d.l. 0.112 0.00805

Table 5.1: Trace element abundances from Li to U in ppm of representative point analyses. ol- Olivine. cpx- Clinopyroxene. opx- Orthopyroxene. hbl- Hornblende. feld-

Feldspar.

b.d.l.- detection limits calculated as an average D.L. for each element. b.d.1.- Below detection limits



